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Globally, Chronic Wounds (CW) are health condition, which constitutes a threat to the public 
health and economy having a detrimental effect on patient’s quality of life and high costs in treat-
ments. CW do not perform a well-ordered reparative process thus, the anatomic and functional 
integrities of the damaged tissue are not restored, being of extreme importance the establishment 
of an appropriate treatment based on an accurate characterisation of the state of the healing proc-
ess.  
Over the years, several ulcer risk assessment tools have been created, such as: scales, which 
depend on visual examination being highly subjective; invasive methods that use manual procedures 
for depicting the shape, area, depth and volume of wounds, are time consuming, susceptible to 
human errors and can lead to wound contamination; and non-invasive methods such as optical based 
techniques which provide three-dimensional information about the lesion, being expensive, time 
consuming and require user training. 
There have been made several efforts to use image processing techniques for an objective and 
automatic analysis of CW images.  
This research study aims to create a methodology based in a mobile application which incorpo-
rates an algorithm that characterises chronic ulcers providing information about its area and tissue 
composition.  
A MATLAB methodology and an Android mobile application were developed, tested and evalu-
ated in 200 diabetic foot ulcers, allowing greater characterisation of 97% of the ulcers analysed with 
high correlation with the clinical assessment (R2=1), reducing subjectivity, avoiding wound contami-
nation probability and smaller costs when compared to conventional solutions.  
 
 




















Globalmente, as Feridas Crónicas (FC) são um problema de saúde que constitui uma ameaça 
para a saúde pública e economia, tendo um efeito prejudicial na qualidade de vida dos pacientes e 
elevados custos em tratamento. As FC não realizam um processo de reparação ordenado, por esse 
motivo, as integridades anatómica e funcional dos tecidos danificados não são reestabelecidas, ten-
do uma importância elevada a determinação de um tratamento apropriado baseado numa caracteri-
zação exata do estado do processo de cicatrização. 
Ao longo dos anos, têm sido criadas várias ferramentas de avaliação de risco de úlcera, tais 
como: escalas, que dependem de inspeção visual sendo altamente subjetivas; métodos invasivos que 
incluem técnicas manuais para obter a forma, área, profundidade e volume de feridas, são demora-
dos, suscetíveis a erros humanos e podem levar a contaminação da úlcera; e métodos não invasivos 
como técnicas baseadas em sistemas óticos que fornecem informação tridimensional sobre as 
lesões, tendo um custo elevado, obrigam a que os utilizadores sejam treinados para a sua utilização 
e a obtenção da caracterização é muito demorada.  
Por estes motivos, tem sido verificado um interesse crescente em usar técnicas de processamen-
to de imagem para obter uma análise objetiva e automática de imagens de úlceras.  
Este projeto de investigação tem como finalidade a criação de uma metodologia baseada numa 
aplicação móvel que incorpora um algoritmo de caracterização de úlceras crónicas, fornecendo 
informação relativamente à sua área e composição tecidular.  
Uma metodologia em MATLAB e uma aplicação Android foram desenvolvidas, testadas e avalia-
das em 200 úlceras de pés diabéticos, permitindo uma ótima caracterização de 97% das úlceras ana-
lisadas com alta correlação relativamente à caracterização realizada por clínicos (R2=1), reduzindo 
a subjetividade, evitando a contaminação da lesão e com menor custos associados quando compara-
da com as soluções mais convencionais. 
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1.1 - Background and objectives 
 
 The skin is the largest organ in the human body acting as an efficient physical and chemical 
barrier in the organism, being crucial in the survival and maintenance of human life. When compro-
mised, or destroyed, this barrier requires immediate intervention to ensure the return of its normal 
functions (Lanza et al., 2007; Fung, 2001; Langer and Vacanti, 1993; Benbow, 2006), since skin de-
generation and loss associated with chronic wounds (CW) can result in significant morbidity and 
mortality, due to a disruption of the homeostatic function and susceptibility to infection (Langer 
and Vacanti 1993). 
A wound is defined as a disruption of normal anatomic structure and function, resulting from 
pathologic processes that begin internally or externally to the involved organ(s). Factors as the pa-
tient age, wound size, depth and location and the presence of local and/or systemic diseases lead 
to wound healing time variation. Homeostasis, inflammation, proliferation and angiogenesis, and 
remodelling are the main events of the complex highly orchestrated process defined as normal 
wound healing. Acute wounds experience this series of overlapping phases but CW do not (Benbow, 
2006; Whittington and Briones, 2004; Zhan and Miller, 2003; Langemo, 2005; Dargaville et al., 
2013).   
 Besides the financial impact caused by the high costs associated with the treatments and pre-
vention, studies report that CW have a negative impact on patient’s psychological and social func-
tioning (Fung, 2001; Langer and Vacanti, 1993; Benbow, 2006; Whittington and Briones, 2004) caus-
ing pain and immobility, followed by privation of sleep which leads to lack of energy and of self-
esteem, worries and frustrations and thus, leading to their isolation.  
When compared to healthy people, individuals with CW have a significantly poorer quality of life 
due to the regularity of dressing changes, which clearly affects patient’s daily routine. On the other 
hand, due to lack of adequate sleep, these individuals experience a daily feeling of continued fa-
tigue. However, the consequences of having a CW have a massive impact not only on the patient’s 




social life but also in the lives of their caregivers. The loss of independence associated with func-
tional debility can lead to variations in general health and wellbeing as altered eating habits, social 
isolation and as a result, depression and a continuing reduction in activity. These issues, plus the 
absence of mobility, influences the occurrence of further lesions, worsens their severity and limits 
their ability to heal (Langer and Vacanti, 1993; Benbow, 2006; Whittington and Briones, 2004); Zhan 
and Miller, 2003; Langemo, 2005).  
Ulcers are one of the most common cases of CW. There are many different types of ulcers (ve-
nous, arterial, neuropathic, lymphatic, and infectious) with different causes (Dargaville et al., 
2013). Ulcers resultant of vascular disease are the most dominant type particularly the venous ones, 
which accounts for over two-thirds of all types of ulcers, being the most usual type (Benbow, 2006; 
Whittington and Briones, 2004; Zhan and Miller, 2003; Langemo, 2005). 
Relatively to the three types of CW approached in this dissertation, during 2014, it is estimated 
that developed countries have spent approximately $USD88218 per patient in order to treat 
scars/burns. 
According to the Portuguese society of Diabetology (Sociedade Portuguesa de Diabetologia, 
1997), about 415 million (8.8%) of the worldwide population was diagnosed with Diabetes Mellitus in 
2015. Being the Portuguese population incidence of 1 million people (13.3% of the total population), 
with a national annual total spending of 1.7 billion euros with this disease. 
Furthermore, the Directorate-General of Health (DGS, 1899) estimated that in 2016, the preva-
lence of pressure ulcers was of 11.5% in the Portuguese population.  
The follow up of the wound healing process is typically performed through scoring scales com-
pleted by clinical observation in order to provide comparable semi-quantitative information and 
thus stimulate better management of funds. However, this is highly dependent on the observer and 
thus, extremely subjective, jeopardising the quantification of the observations as well as the com-
parison of results between healthcare centres (Torra, 1997), therefore, its use is restricted (Xu, 
2004). After these scales were created, contact methods to evaluate wound depth, area and volume 
were designed and developed. However, these methods are extremely invasive to the patient and 
introduce errors. Efforts to automatically assess wounds have been made globally through image 
processing techniques and smartphones/tablets applications to reduce healthcare costs, patient 
suffering and improve the assessment of the lesions.  
1.2 - Objectives 
 
The aim of this research is to create a methodology that performs chronic wound characterisa-
tion according to its area and tissue colour, without promoting wound contamination, patient dis-
comfort, time consumption and subjectivity. This purpose was satisfied by first creating a MATLAB 
image processing methodology and then incorporating it in an Android mobile application. 
 
In order to fulfil the aim of this project, secondary goals were also established: 
 
 Perform the segmentation of the calibration marker in the image; 
 Achieve the segmentation of the chronic ulcer in the image; 






 Characterise the tissue composition of the ulcer bed relatively to the percentage of un-
healthy and healthy granulating tissues, necrotic tissue and white tissue.  
 
1.3 - Dissertation outline  
 
This document is organised in six sections. 
The first section, this section, the theme and a characterisation of the problem and its context 
are introduced as well as the description of the aim and goals. It ends with the description of the 
report structure. 
The Literature review addresses the scientific background of the research. This section is di-
vided in three subsections: Qualitative assessment, Quantitative assessment and Wound care. The 
first part of the chapter addresses the scales used in medical environment to assess three types of 
CW: burn/scar, pressure ulcer and diabetic ulcer. These scales are a visual and intuitive starting 
point of the choice of the most adequate treatment for the patient. The Quantitative assessment, 
contemplates the necessity of a more accurate follow up of the healing process of a chronic wound. 
Two types of techniques used to quantify a wound are described: visual characterisation and physi-
cal characterisation methods, being the physical methods divided in two sections, namely invasive 
methods and non-invasive methods. In the invasive methods are described several methods cur-
rently used for predicting invasively the depth, area and volume of ulcers; in the non-invasive sub-
section are described methods created to obtain more accurately the same measures as the invasive 
approaches such as imaging techniques and image processing methodologies. Further, a review of 
the existing mobile applications that perform wound assessment is presented by the end of the sub-
chapter. In the Wound care section are described the most common dressings and treatments ap-
plied to wounds based on their assessment relatively to appearance, tissue composition, probability 
of infection and amount of exudate.  
The 3rd chapter presents the methodology comprising the sample, software and equipment used, 
the techniques chosen to process the images and the parameters’ values and the mobile application 
design as well as the methods used to evaluate the obtained outcomes. The tested and low success-
ful image processing techniques tried are also described. 
The achieved results are outlined in the 4th chapter relatively to the image pre-processing, ulcer 
and marker segmentation, ulcer area calculation and tissue characterisation phases of both the 
methodology created in MATLAB and the one included in the Android mobile application. The cases 
where the methodology did not succeed are presented for both the markers and the ulcers.  
In the Discussion, the algorithms that were tested are assessed, comparisons are established be-
tween the work limitations of both methodologies, being presented suggestions of solutions for the 
weaknesses of each method.  
In the last section, Conclusion, the main conclusions are described along with a proposal of fur-
ther work.  
 
 
The structure of this dissertation and the links between different parts of this document can be 
seen in Figure 1.1. 
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2.   
There are several approaches for wound assessment being globally classified as qualitative or 
quantitative and each has advantages and disadvantages. In this chapter, the most globally ac-
cepted techniques of the two types of wound assessment are described as well as the treat-
ments/wound care performed according to the wound characterisation.  
2.1 - Qualitative wound assessment 
2.1.1 - Cutaneous wound  
Acute cutaneous wounds, including burn wounds are a health and economical concern in the 
global community, which may lead, in the most severe cases to death.  
The efficacy of a treatment directly depends on the achieved adequate characterisation there-
fore, regular assessment of the wound is of extreme importance in order to determine wound heal-
ing based on the percentage reduction/increase in wound area over time (Flanagan, 2003; Margolis 
et al., 2003) and to adjust wound management. However, wound assessment is a very complex 
process including wound location, wound appearance and tissue type, wound size, odour, identifica-
tion of aspects that contribute to wound healing delay (presence of serous fluid, pus or exudate, 
signals of infection or maceration, etc.), pain and the condition of the adjacent skin (Collier, 2003).   
The treatment of the cutaneous lesion, particularly when a significant part of tissue is lost, has 
the goal of leading to the closure of the wound (Xu, 2004). In order to evaluate the response to 
treatments and to assess its outcomes, numerous techniques have been developed to measure scars 
(Berardesca and Wilhelm, 1995). Although, new treatments are increasingly becoming more avail-
able, there is no international agreement on what is the best method to assess the effects of these 
treatments. The follow up of the wound healing process is achieved manly through clinical observa-
tion (Berardesca and Wilhelm, 1995). 
The following scales (2.1.1.1 to 2.1.1.6) were developed for the characterisation of cutaneous 
wounds. 
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2.1.1.1 - Vancouver Scar Scale (VSS) 
Initially described in 1990 by Sullivan et al. (Sullivan et al., 1990), the Vancouver Scar Scale 
(VSS) is possibly the most documented method to assess burns/scars (Nedelec et al., 2000; Sullivan 
et al., 1990).  
This scale evaluates four variables: vascularity, pigmentation, pliability and height/thickness. 
Both vascularity and height are rated from 0 to 3, pigmentation has 3 possible scores (0, 1 and 2) 
and pliability is rated between 0 and 5, giving a possible total score that goes from 0 to 13 points, 
being 13 the score for the worst scenario.   
One drawback of this scale is that patient perception of the wound is not taken into account in 
to the final score of his/her respective scars (Nguyen et al., 2015) (Table 2.1). 
 
Table 2.1- The Vancouver scar scale. Adapted from (Fearmonti et al., 2010). 
 
The VSS proved not to be adequate for large and irregular scars which are characterised by a not 
homogenous pliability, colour and hypertrophy (Roques and Teot, 2007; Bayat et al. 2003). There-
fore, this scale is strongly investigator-dependent, using pure word descriptions, and it does not 
locate the test site within the scar, which is indispensable for a follow-up (Draaijers et al., 2004; 
Van de Kar et al., 2005).  
The numeric scoring of each variable is also questionable, since not all parameters are consid-
ered to be equally important for each patient or physician. Another problem, already documented 
by Sullivan et al. (Sullivan et al., 1990), was the nonexistence of records of pain and itching and the 
functional and psychological sequelae of scars. 
Due to these limitations, several adjustments to the VSS have been proposed in the literature 
along the years (Nguyen et al., 2015). 
2.1.1.2 - The Seattle Scar Scale (SSS) 
In 1997 the Seattle scar scale (SSS) was proposed by Yeong et al. (Yeong et al., 1997) as a nu-
meric scale based on 24 standardised colour pictures. This scale assesses thickness, border height, 
scar surface and colour. The score of the parameters of the scale are the same (Surface irregularity 
(–1 to 4), thickness (–1 to 4), border height (–1 to 4) and colour (–1 to 4)), giving a total sum be-
tween –4 and 16 points, increasing the severity with the increase of the given score, with zero indi-
cating normal (Yeong et al., 1997). 
The SSS allows negative values for certain parameters such as hypopigmentation or atrophy. The 
negative values help to differentiate diverse scar types but they also lead to “improved” total 
Vascularity Score Pigmentation Score Pliability Score Height Score 
Normal 0 Normal 0 Normal 0 Flat 0 
Pink 1 Hypopigmentation 1 Supple 1 <2mm 1 
Red 2 Hyperpigmentation 2 Yielding 2 2-5mm 2 
Purple 3   Firm 3 >5mm 3 
    Ropes 4   
    Contracture 5   
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scores and poor interpretation of scar severity (Van der Wal et al., 2012). This limitation and the 
absence of attention to symptoms have hindered the wide adoption of the SSS (Nguyen et al., 
2015). 
2.1.1.3 - The Hamilton Scar Scale 
The Hamilton Scale was developed in 1998 by Crowe et al. (Crowe et al., 1998), being a photo-
graphic assessment tool for scars (Crowe et al., 1998). Based on photographs only, observers are 
requested to rate numerous parameters including thickness, surface irregularity, vascularity and 
colour. Relatively to attribution of scores, both surface irregularity, colour and vascularity are rated 
from 0 to 4 and thickness has 4 possible scores (0, 1, 2 or 3) giving a possible total score that goes 
from 0 to 15 points, being 15 the score for the worst scenario possible (Table 2.2).   
The Hamilton Scale depends only on photographs rather than real scars to perform the assess-
ment process, which can potentially distort the observer’s interpretation, thus leading to errors in 
the assessment (Van der Wal et al., 2012). 
Table 2.2 - Hamilton scar scale. Based on (Smith et al., 1988; Crowe et al., 1998; Brusselaers et al., 2010). 
 
 
One remarkable aspect is the fact that the controversial negative scores used in the SSS were 
not applied, but the parameter of scar irregularity was introduced, which is not scored in the most 
used assessment scar scale, the VSS (Crowe et al., 1998; Van der Wal et al., 2012). A big advantage 
of this scale is its good reliability, even when used by inexperienced observers, which proves that 
training is not a necessity for its use (Crowe et al., 1998; Van der Wal et al., 2012). However, likely 
other scales, the Hamilton Scale lacks an assessment of subjective symptoms (Nguyen et al., 2015). 
2.1.1.4 - Manchester Scar Scale (MSS) 
The MSS was projected by Beausang et al. (Beausang et al., 1998), in 1998 with the goal of as-
sessing five scar parameters: scar colour, radiance (matte or shiny), distortion, texture and scar 
contour (Table 2.3). All of the parameters were taken into account in this scale, which have a pos-
sible score from 1 to 4, with the exception of the parameter Matte vs. shiny that is rated as 1 or 2. 
These parameters are combined with a visual analogue scale to determine an overall score propor-











Normal or paler  
0 
1/4 irregular 1 Slight 1 Light to medium pink  1 Slightly darker 1 
1/2 irregular 2 Moderate 2 Deep pink to light red  2 Darker 2 
3/4 irregular 3 Severe 3 Medium to deep red 3 Much darker 3 
Majority of the scar 
irregular 
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Table 2.3- Manchester scar scale (Fearmonti et al., 2010). 
 
 
On contrary to the VSS, the MSS combines vascularity and pigmentation in the parameter “col-
our mismatch” of the adjacent tissue, which leads to better interrater agreement when compared 
with the other (Sullivan et al., 1990). 
However, the MSS has been criticised for being more suited to the assessment of linear scars and 
for a lack of accounting for symptoms (Van der Wal et al., 2012). 
 
 
2.1.1.5 - Patient and Observer Scar Assessment Scale (POSAS) 
The VSS is mainly focused on scar severity from a healthcare professional's point of view, but 
there was acknowledgement that the inclusion of a patient-based assessment was also essential, 
this limitation served as base for the creation of the POSAS (Powers et al., 1999; Martin et al., 
2003), whose introduction in 2004 was a turning point in the assessment of scars through the use of 
scales (Draaijers et al., 2004).  
The POSAS is the first scale that comprises two numeric scales: The Observer Scar Assessment 
Scale (observer scale) and the Patient Scar Assessment Scale (patient scale). The Observer Scale 
includes thickness, pigmentation, vascularity, pliability and relief while the Patient Scale includes 
stiffness, itching, irregularity, thickness, pain, and colour. Each item is rated between 1 and 10, 
being a score of 10 the worst imaginable scar or sensation and the lowest scores (5 in the observer 
scale and 6 in the patient scale) are for normal skin (Draaijers et al., 2004). The patient scale is 


















1 Flush with sur-
rounding skin 
1 

























   Keloid 
4 
Severe 4 Hard 
4 
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Table 2.4- Patient and observer scar assessment scale (Hyunjoo et al., 2015). 
 
 
The POSAS takes into account the subjective symptoms of pain and pruritus and increases the 
objective information used in the VSS (Draaijers et al., 2004), but as the other scales, it does not 
include functional measurements about the influence of pain or pruritus in patient’s quality of life 
(Roques and Teot, 2007). 
2.1.1.6 - Stony Brook Scar Evaluation Scale (SBSES) 
Proposed by Singer et al. (Singer et al., 2007) in 2007, it is based on five scar parameters includ-
ing width, elevation or height, colour, suture or hatch marks and overall appearance (Singer et al., 
2007). Each parameter is rated by 0 or 1 (Table 2.5) for the presence or absence of the following: 
width greater than 2 mm at any point of the scar, raised or depressed scar, a darker coloration than 
the surrounding skin, any hatch or staple marks and an overall poor appearance. The total score 
ranges from 0 (worst) to 5 (best) (Singer et al., 2007). 
Table 2.5- The Stony Brook Scar Evaluation Scale (Fearmonti et al., 2010).  





>2mm 0 Elevated/depressed 
in relation to sur-
rounding skin 
0 Darker than 
surrounding skin 
0 Present 0 Poor 0 
≤ 2mm 1 Flat 1 Same colour or 
lighter than 
surrounding skin 
1 Absent 1 Good 1 
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The main goal of the SBSES was to measure short-term instead of long-term wound outcomes, so 
it was recently recommended for being used in research (Sullivan et al., 1990; Fearmonti et al., 
2010). Therefore, its use is restricted for pathologic scar assessment.  
 
Most of the above described scales do not incorporate subjective symptoms (pain or pruritus) in 
their assessment (Crowe et al., 1998; Van der Wal et al., 2012; Flanagan, 1993; Van Zuijlen et al., 
2002), do not considers nutrition as a risk factor (Flanagan, 1997) and do not records the location of 
the ulcer, foot deformities and/or patient-related factors (emotional upset, poor foot care, denial) 
(Oyibo et al., 2001).  
Numerous researchers point out that future scales should contain a patient-based component 
(missing in scales such as the SBSBES, the SSS and the Hamilton scale), since the presence of itching 
and pain is more disturbing than the appearance of the scar, and therefore these symptoms have a 
great impact on the quality of life and in the mental health (Van Loey and Van Son, 2003; Cheng et 
al., 1996; Patterson et al., 1993; Herndon et al., 1986; Mazharinia et al., 2007; Patterson et al. 
2000; Sheffield et al., 1988). 
2.1.2 - Pressure ulcer (PU)  
 
PU are characterised by the action of pressure, friction, or shearing leading to areas of skin and 
subcutaneous tissues breakdown (Benbow, 2006). The frequency (Whittington and Briones, 2004), 
cost (Zhan and Miller, 2003) and sufferance (Langemo, 2005) of patients confined to bed due to 
pressure ulcers turns this type of lesions in an important clinical problematic.  
The time necessary for the wounds to heal, as well as its high prevalence among CW, increases 
the necessity of predicting the probability of a wound not healing early after starting a treatment. 
However, there is no consensus of which wound healing parameters permits accurately predict 
wound healing (Kantor and Margolis, 2000; Tallman et al., 1997).  
The optimal scale for wound risk assessment must have a high sensitivity and specificity in order 
to provide an acceptable prediction of the risk of wound development. Once its use is confined 
mainly to healthcare professionals, it should be simple to use, for that it is imperative that the pa-
rameters are clear and appropriate to apply in different healthcare settings (Torra, 1997).  
Thereafter are presented the scales that are most commonly used for the assessment of PUs.  
2.1.2.1 - Norton scale 
The first PU risk assessment tool was created in 1962 by Doreen Norton (Norton et al., 1962), 
with the aim of being used in elderly care environment. This scale qualifies five key risk factors 
separated: activity, physical condition, mobility, incontinent and mental condition (Table 2.6). Each 
parameter was scored from 1 to 4, thus, the range of possible total scores varies between 5 and 20, 
with a subjective cut-off score of 14, which equates to the individual being ‘at risk’. In this tool, 
scores under 14 signify ‘at risk’ and scores under 12 signify ‘high risk ‘, thus, the lowers scores rep-
resent the worst scenario (Norton et al., 1962). 
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Table 2.6- Norton scale (Bell, 2005). 
 
Despite in the original Norton scale nutritional factors and shearing forces were not contem-
plated and parameters are in need of a functional definition, this scale is widely used for clinical 
evaluation of pressure ulcer risk (Papanikolaou et al., 2007; Bolton, 2007). Additionally, this tool 
has suffered several improvements in posterior versions as the incorporation of nutrition as a risk 
factor once it has been reported that it is important in the process of wound healing, as well as 
stratification of the degrees of risk (Wai-Han et al., 1997; European Pressure Ulcer Advisory Panel, 
2003). 
2.1.2.2 - Braden scale 
In the mid-1980s the Braden Scale was devised (Bergstrom et al., 1987), shown in Table 2.7. The 
foundation for this tool was based on a “conceptual schema of aetiological factors” as well as the 
assumption that “pressure” and “tissue tolerance” are important aspects to be considered in the 
development of PUs (Bergstrom et al., 1987). Six further parameters were identified as risk factors: 
sensory perception, moisture, activity, mobility, nutrition and friction and shear. In this tool, every 
parameter is rated between 1 and 4 with the exception of “Friction and shear” that has 3 possible 
scores (1, 2 and 3) (Bergstrom et al., 1987). When using this tool, the range of possible total scores 
varies between 6 and 23 and low scores signify higher risk. The cut off points, which signify that an 
individual is ‘at risk’, varies between 16 and 18 (Bergstrom et al., 1987). 
 






Score Activity Score Mobility Score Incontinent Score 
Very bad 1 Stupor 1 Stupor 1 Immobile 1 Doubly 1 
Poor 2 Confused 2 Chair-bound 2 Very limited 2 Usually urine 2 
Fair 3 Apathetic 3 Walk-help 3 Slightly 
limited 
3 Occasional 3 
Good 4 Alert 4 Ambulant 4 Full 4 Not 4 
Sensory 
perception 











1 Very Poor 1 Problem 1 
Very Limited 
 


































4 Excellent 4   
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The main criticism to the Braden scale is the incapability of professionals to differentiate the 
parameters. For instance, ‘mobility and activity’, where ‘mobility’ is used by the authors to enquiry 
the capacity of the patient to relieve pressure through movement, whereas, ‘activity’ is applied to 
ascertain the frequency and duration of a patient’s movement (Capobianco and McDonald, 1996). 
Even though, this scale has been found to have better predictive validity than single nursing judg-
ment (Pancorbo et al., 2006). 
2.1.2.3 - Waterlow scale 
Developed in 1987 by Judy Waterlow (Waterlow, 1988), this scale was created as an alternative 
to the Norton scale, once the author felt that the Norton scale did not address nutritional issues, 
underlying pathologies, or the risk of patients undergoing surgical procedures.   
When compared to both the Norton and the Braden scales, the Waterlow scale recognises more 
risk factors in its assessment such as Body Mass Index (BMI), skin appearance in risk areas, sex and 
age, continence, mobility, appetite, neurological deficit and special risks (Waterlow, 1988; Water-
low, 1998) (Table 2. 8). Both BMI, skin appearance in risk areas, continence and appetite are rated 
from 0 to 3, sex and age and mobility has 6 possible scores (0 to 5), special risks are rated between 
1 and 8 and lastly, neurological deficit has three possible scores (4-6, 5 and 8).  The total score 
possible ranges between 4 and 40. In contrary to the Braden and Norton scales, in the Waterlow 
scale high scores signify high risk. 
Table 2.8- Waterlow Scale (Agrawal and Chauhan, 2012). 
Built/weight for 
height 
Score Skin type- Visual risk 
areas 
Score Sex and age Score Special risks Score 





1 Tissue paper/ 
Dry/Oedematous/Clammy
/Pyrexia 
1 Female 1 Single organ failure 5 
Obese- BMI> 30 2 Discoloured (bruis-
ing/mottled) 





3 Broken (established ulcer) 3 50-64 2 Anaemia= Hb<8 2 
    65-74 3 Smoking 1 
    75-80 4   
    81+ 5   
Mobility Score Continence Score Appetite Score Neurological deficit Score 
Fully mobile 0 Complete/catheterised 0 Normal 0 Diabetes, MS, CVA 4-6 





Apathetic 2 Incontinent faeces 2 Liquid IV 2 Major trauma 5 




3 Orthopaedic/spinal 5 
Bedbound (e.g. 
traction) 
4     On table >2 hours 5 
Chair bound (e.g. 5     On table >6 hours 8 




The most obvious limitation of the Waterlow scale is the risk of over assessment, the fact that it 
has several parameters which, makes it complex to use and non-practical and is implied that women 
have higher risk of developing pressure ulcers than men (Edwards, 1995; Weststrate, et al., 1998).  
2.1.2.4 - Pressure ulcer scale for healing (PUSH)  
The PUSH scale was designed in 1996 by National Pressure Ulcer Advisory Panel (NPUAP) as an 
instrument easy to use, clinically practical and biologically accurate, to follow PUs in different care 
situations. This scale was evaluated and accepted for measuring the healing process of venous and 
diabetic foot ulcers (Cuddigan, 1997; Thomas et al., 1997; Stotts et al., 2001). 
In this scale, three factors are considered to evaluate the wound condition, namely its size 
(cm2), the type of tissue existing in wound bed and the amount of exudate. Tissue type has four 
possible scores (0, 1, 2, 3 or 4), while the exudate amount parameter has possible scores that 
ranges between 0 and 3, finally, the length/width parameter has eleven possible scores between 0 
and 10 as shown in Table 2.9 (Ferrell et al., 2000). The scores of the three considered parameters 
are then added together to obtain a global score (Thomas et al., 1997; Stotts et al., 2001) and 
higher final scores mean a higher risk.  
 
















The PUSH tool appears to be more easily incorporated into clinical practice routine than many 
other wound assessment instruments already introduced in this document, once it has fewer items, 
takes less time and effort to complete and does not requires intensive user training (McHorney and 
Tarlov, 1995). 
Since the parameters measured by the PUSH tool are not only aetiology-specific, the instrument 
should theoretically be applicable not only to PUs but also to other wound types, where the three 
parameters are measureable. To date, studies (Ratliff and Rodeheaver, 2005; Hon et al., 2010; 
Mackelbust, 1997; Gardner et al., 2005) have validated the PUSH tool and shown that it is respon-
sive for monitoring wound healing progress of pressure, diabetic and venous ulcers (Ratliff and 
Rodeheaver, 2005; Hon et al., 2010).  
weel-chair) 
Length/ width (cm2) Score Exudate amount Score Tissue type Score 
0 0 None 0 Closed 0 
<0.3 1 Light 1 Epithelial tissue 1 
0.3 – 0.6 2 Moderate 2 Granulation tissue 2 
0.7 – 1.0 3 Heavy 3 Slough 3 
1.1 – 2.0 4   Necrotic tissue 4 
2.1 – 3.0 5     
3.1 – 4.0 6     
4.1 – 8.0 7     
8.1 – 12.0 8     
12.1 – 24.0 9     
>24.0 10     
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2.1.2.5 - European Pressure Ulcer Advisory Panel scale (EPUAP) 
Created in 1999, the EPUAP (European Pressure Ulcer Advisory Panel, 1999) scale resulted from 
a united effort of both European Pressure Ulcer Advisory Panel scale and National Pressure Ulcer 
Advisory Panel, being the PUs classified into four stages according to the ulcer’s depth (Ferrell et 
al., 2000; Berlowitz et al., 1997; Mayfield et al., 1998).   
The EPUAP pressure ulcer classification distinguishes four grades and each grade is defined by 
the anatomic limit of soft-tissue damage: non-blanchable erythema corresponds to grade 1, blister-
ing is included in grade 2, superficial lesions are classified as being grade 3 and deep lesions corre-
spond to an ulcer with a grade 4 classification (European Pressure Ulcer Advisory Panel, 1999). The 
classification of 4th stage represents the higher risk and the 1st stage represent the lowest (Table 
2.10). However, some authors (Defloor et al., 2001; Schoonhoven, 2003) do not include non-
blanchable erythema as a pressure stage. 
 












When an eschar is present, correct characterisation is not conceivable with this scale (Ferrell et 
al., 2000; Berlowitz et al., 1997; Mayfield et al., 1998). On the other hand, the classification is 
based on a correct identification of the different tissue layers and the extent of tissue damage 
which demands training and experience from the user (Ferrell et al., 2000; Berlowitz et al., 1997; 
Mayfield et al., 1998). 
The most critical unresolved issues relatively to the formulation of assessment scales for pres-
sure ulcers are: 
• Pre-requisite of training  
Most of the described scales are simple and easy-to-use however, was proved by the daily usage 
that these scales only provide usable measurements of the ulcer incidence and severity when used 
by trained healthcare professionals. 
Grade Characteristics 
1 The affected area of skin appears discoloured and is red in white people, and pur-
ple or blue in people with darker coloured skin. 
Oedema, induration. 
Warmth over a bony prominence. 
2 Partial thickness skin loss involving epidermis, dermis or both. 
The ulcer is superficial and presents clinically as an abrasion or blister. 
3 Full thickness loss of skin involving damage to or necrosis of, subcutaneous tissue 
that may extend down to, but not through, underlying fascia. 
Presents clinically as a deep crater with or without undermining 
4 Full thickness skin loss with extensive destruction, tissue necrosis, or damage to 
muscle, bone, or supporting structures, for example, tendon or joint capsule. 
Undermining and sinus tracts may be associated with this stage of wound progres-
sion. 
Similar to grading a burn with the addition of a stage 4 that is deeper than a stage 
3 ulcer or 3rd degree burn. 
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• Need for clarity  
Scales such as the Norton and the Waterlow scales do not provide descriptions of their risk com-
ponents, although this need has been recognised by Norton (Norton, 1996). The absence of explana-
tory observations leads to misjudgements when assigning scores to each parameter. Therefore, their 
usage requires informed clinical judgment, which turns it applicability restricted to the better-
trained healthcare professionals.  
• Predictive performance   
The existing scales are over-sensitive to the number of patients assigned to the ‘at-risk’ group of 
pressure ulcer occurrence and under-sensitive to the number of patients assigned to the ‘risk-free’ 
group. Therefore, according to Bick and Stephens (Bick and Stephens, 2004) ulcer assessment should 
be performed in combination with clinical judgment (National Institute for Clinical Excellence, 
2003; National Institute for Clinical Excellence, 2005). 
• Definition of the critical threshold score 
According to the existing literature (Clark and Farrar, 1992) there are no match in scores that 
define the “at risk “and “risk-free” status among the scales. The higher risk score varies from scale 
to scale. Furthermore, the disagreement about the proper cut-off score is pertinent, once health-
care professionals receive confusing signals about the best available evidence when applying risk 
assessment strategies and this may well produce variations in the appropriateness of the resultant 
healthcare preventive plans. 
2.1.3 - Diabetic ulcer 
 
Foot ulcers are one of the severe consequences of diabetes and main reasons of morbidity 
(Reiber et al., 1998; Frykberg, 1991; Larsson et al., 1993; Levin, 1993; Bose, 1979; Benotmane et 
al., 2000; Van Houtum et al., 1996; Boulton et al., 2005; Ribu et al., 2007). According to statistics, 
25% of individuals with diabetes will have a foot ulcer during their life and 70% of those who healed 
ulcers are in risk of them to reappear in 5 years (Palumbo and Melton, 1985; Apelqvist et al., 1993). 
There are several risk factors that result from the disease and lead to the development of diabetic 
foot ulcers, the main aspects are peripheral vascular disease, peripheral neuropathy, abnormal 
plantar pressure load and infection, which frequently leads to amputations (Edmonds et al., 1982; 
Shaw and Boulton, 1997). 
In order to reduce the impact of the disease, and thus, decrease the occurrence of major ampu-
tation, which was defined as a marker of the disease and its management, premature professional 
evaluation and treatment are obligatory (Jeffcoate and Van Houtum, 2004). Numerous assessment 
tools have been developed in order to classify ulcers with more accuracy, allowing the comparison 
of the results of routine management and treatments (Jeffcoate and Van Houtum, 2004; Oakley and 
Caterall, 1956; Shea, 1975; Jones et al., 1987; Kaufman et al., 1987).  
Further, are presented the scales that are the most commonly used worldwide for the assess-
ment of diabetic ulcers.  
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2.1.3.1 - Wagner scale  
The most commonly acknowledged assessment method for diabetic wound is the Wagner scale 
(Wagner Jr., 1981; Wagner Jr., 1986), which was developed in the 1970s. This scale scores wounds 
from 0 to 5 mainly according to the depth and severity of the ulcer as shown in Table 2.11 (Wagner 
Jr., 1981; Wagner Jr., 1986).  
The first four grades (grade 0, 1, 2, and 3) are based on the physical depth of the lesion in and 
through the soft tissues of the foot. The last two grades (grade 4 and 5) are completely distinct 
when compared with the previous because they are based on the extent of gangrene and loss of 
tissue in the foot (Mark and Warren, 2007). 
 













This scale is easy to memorise as a visual method, but does not comprises ulcer dimensions, pe-
ripheral neuropathy, peripheral arterial disease nor the level of infection (Wagner Jr., 1986). This is 
due to the fact that infection is only ascertained in the grade 3 (Wagner Jr., 1981; Wagner Jr., 
1986). This scale fails to recognise and define vascular disease as one risk feature. Besides, infected 
superficial wounds or dysvascular wounds cannot be categorised by this scale (Wagner Jr., 1981; 
Wagner Jr., 1986).  
The best use of the Wagner scale is with the assistance of systems such as a ruler, grid or meas-
uring tape that allows an objective assessment (Wagner Jr., 1981; Wagner Jr., 1986). 
 
2.1.3.2 - University of Texas Diabetic Wound Classification scale (UT) 
The UT scale evaluates diabetic wounds via four stages and four grades, ulcer’s depth, wound 
infection and ischemia in the lower-extremities (Oyibo et al., 2001). 
Relatively to the grades, grade 0 represents healing ulcers, grade 1 ulcers are superficial wounds 
through the epidermis or the epidermis and dermis, not penetrating on the tendon, capsule, or 
bone. Grade 2 wounds penetrate to tendon or capsule, without the bone and joints being involved. 
Grade 3 wounds penetrate to bone or into a joint.  
Each wound grade consists of 4 stages: clean wounds (A), non-ischemic infected wounds (B), 
ischemic wounds (C), and infected ischemic wounds (D) (Table 2.12) (Oyibo et al., 2001; Lavery et 
al., 1996; Jain, 2012).  
 
 
Grade Type of lesion 
0 Pre- or post-ulcerative site 
1 Superficial ulcer 
2 Ulcer penetrating to tendon or joint capsule 
3 Lesion involving deeper tissues 
4 Forefoot gangrene 
5 Whole foot gangrene involving more than two thirds of 
the foot 
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Comparing the UT and the Wagner scale, the first is more descriptive and has shown a greater 
association with higher risk of amputation and likelihood of the healing process of ulcers, which is 
due to the combination of both grade and stage.  
The assessment obtained with the UT scale can usually be predicted, at wounds of higher grade 
and stage, which are less likely to heal without revascularisation or amputation (Oyibo et al., 2001; 
Lavery et al., 1996). Being simple and easy to use, this scale shows good performance as predictor 
of clinical outcome, according to Oyibo et al. (Oyibo et al., 2001) for groups rather than individual 
patients.  
 
A comparison between all of the described scales during this section of the chapter is performed 




















Stage Type of lesion 
A No infection or ischemia 
B Infection present 
C Ischemia present 
D Infection and ischemia present 
 
Grade Type of lesion 
0 Epithelialised wound 
1 Superficial wound 
2 Wound penetrates to tendon or capsule 
3 Wound penetrates to bone or joint 
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Table 2.13- Comparison of all the scales mentioned in this report. Based on (Fearmonti et al., 2010; Reichel, 
1958; Mark and Warren, 2007; Jain, 2012; Beeckman et al., 2007). 
 








Used widely in literature 
for outcome measure in 
burn studies. 
Not applicable for large 
and irregular scars 
High score does not neces-
sarily mean worse scenario 








Proved to be a useful 
tool for evaluation of the 
4 parameters considered 
Allows negative scores 








Does not require training  




















Focuses on scar severity 
from clinician’s and 
patient’s points of view 
Items represented may not 
adequately express pa-
tient’s perceptions and 
concerns 










Applicable to a wider 
range of scars 
Arbitrary assessment and 
weighting of items 
High scores 








Developed to assess 
short-term appearance 
of repaired lacerations 
Does not include patient 
assessment 










Widely used for clinical 
evaluation of pressure 
ulcer risk 
Shearing force and nutri-
tion are not incorporated 







Good sensitivity and 
reasonable specificity 
levels 
Difficulty in distinguish 
what the parameters mean 
Low scores 








Skin appearance in 
risk areas 







more risk factors than 
the Norton and Braden 
scale. 
Has the assumption that 
women are at a higher risk 
of developing pressure 
ulcer than men. 
Risk of over assessment 
High scores 
Pressure ulcer 





Does not requires inten-
sive user training 
Easy to use 
Not widely used 
Has limited use in clinical 




sory Panel scale 
Anatomic limit of 
soft-tissue damage. 
Widely used to deter-
mine the severity of 
pressure ulcers. 
Unambiguous descriptions 
of pressure ulcer grades 
Lack of distinction be-












Widely used to deter-
mine the severity of 
diabetic ulcers. 
Do not include all the 
diabetic foot complications 







Physical depth of 
the lesion 
Simple to use and easy 
to remember 
Does not take the presence 
of neuropathy or the size 




2.2 - Quantitative wound assessment 
2.2.1 - Visual characterisation of wounds 
 
One of the characteristics that can be added in order to obtain a more accurate diagnosis of the 
state of a wound is its aspect. This additional information provides vital evidences that can be help-
ful when defining wound’s severity and the prediction of healing (Oduncu et al., 2004; Pereira et 
al., 2013).  
In 1983 was developed the Red-Yellow-Black (RYB) wound colour classification (Hellgren and 
Vincent, 1986) as a simple practical method of assessing wounds used by physicians in a descriptive 
manner (Oduncu et al., 2004; Pereira et al., 2013; Hellgren and Vincent, 1986; Ballerini et al., 
2010; Wannous et al., 2010; Dorileo et al., 2010; Zheng et al., 2004; Cuzzel, 1988).  
 
The colours are descriptive of tissue types in the wound bed (Hellgren and Vincent, 1986):  
 Red wounds are usually granulating and healing.  
 Yellow wounds have sloughy tissue adherent to the wound bed.  
 Black wounds have necrotic tissue.  
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However, this method for colour classification of tissue has limitations (Cuzzel, 1988), such as: 
red wounds can be healing (granulated), over-granulated or infected and on the other hand, yellow 
wounds can contain slough or infected discharge. 
In clinical practice the usage of the RYB wound bed assessment has shown good to moderate in-
ter observer agreement (Lorentzen et al., 1999; Vermeulen et al., 2007). 
2.2.2 - Physical characterisation of wounds 
 
Skin serves to protect against the entry of microorganisms and ultraviolet (UV) radiation, engage 
in thermoregulation, regulate water loss and as a component of the immune system (Harrist et al., 
1999). 
Alterations in the integrity of skin may activate an inflammatory repair process (Martin and 
Parkhurst, 2004; Martin, 1997; Singer and Clark, 1999), which involves the complex combination of 
biological and molecular events during cell migration and proliferation and extracellular matrix 
deposition.  
In order to the correct occurrence of the healing process, cellular responses to inflammatory 
mediators, growth factors and cytokines as well as to the proper mechanical forces must be precise 
(Martin, 1997; Singer and Clark, 1999; Vascotto et al., 2005). 
 
The process of wound healing comprehends four overlapping but well defined main phases, as 
described in Figure 2.1:  
 
 Homeostasis  
Formation of a fibrin clot at the site of endothelial injury and aggregation of platelets, which 
adhere to the injured endothelium and release chemokines, attracting the cellular components of 
the inflammatory phase (DiPietro et al., 1998). 
 
 Inflammation  
The inflammatory cells (neutrophils, macrophages and lymphocytes) release pro-inflammatory 
cytokines, ingest foreign materials, increase vascular permeability and promote fibroblast activity 
(Polverini et al., 1977; Hunt et al., 1984). 
 
 Proliferation 
This phase is characterised by the occurrence of capillary growth and granulation tissue forma-
tion, cellular proliferation and abundant synthesis of collagen by fibroblasts leading to re-
epithelialisation and construction of a preliminary dermis. 
 
 Remodelling  
In the last stage occurs the synthesis of type I collagen and differentiation of fibroblasts into 
myofibroblasts, allowing further wound contraction, thus decreasing the wound area. 
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This final phase of wound healing is a long process of tissue remodelling and increasing wound 
strength.  
 
Different cell types, cytokines, and extracellular matrix molecules at the wound site interact 
with different systemic factors such as platelets, the coagulation cascade and humoral cell compo-
nents, which combined enable the healing of wounds (Soo et al., 2002). 
 
Figure 2.1- Phases of wound healing (Falanga, 2005). 
 
During this process, wound depth and volume shrinkages due to the growth of the granulation 
tissue, on the other hand, wound area is reduced due to the production and migration of new epi-
thelium (Flanagan, 2003).  
Measures of ulcer size are therefore important indicators of healing, since it can give measure-
ments of the wound that will serve as a reference point to precisely calculate the fraction of re-
duced/increased wound area over wound healing time (Flanagan, 2003; Margolis et al., 2003). 
Depth, length, circumference, width, area and volume are the dimensional aspects of an ulcer 
that can be assessed. 
 
Several approaches for wound assessment through wound measurement have been created and 
all have their benefits and drawbacks. The most used methods described in the literature for meas-
urement of area, volume and depth of the ulcers can be categorised as invasive or non-invasive.  
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2.2.2.1 - Invasive methods  
 
The invasive methods require direct contact with the wound and can be separated by what is 
measured in its applicability: depth, area or volume. 
However, these invasive methods have limitations and disadvantages as tissue injury, risk of lo-
cal contamination, infection of other patients and/or the clinical team, failure to report informa-
tion about the area, colour and presence of granulation tissue (Krouskop et al., 2002). 
 
 Depth  
 
 Depth Gauge 
The introduction of a thin bar into the lesion until it reaches the deepest point, according to the 
clinician’s evaluation, as shown in Figure 2.2, has become a usual clinical approach to measure the 
depth of a skin lesion. Then, the point that is equivalent to the probable skin surface height is 
signed on the bar and the distance from the start of the bar to the mark is measured by a ruler to 
provide the wound’s depth (Callieri et al., 2003). 
 
Figure 2.2- Depth Gauge method (Shai and Maibach, 2005). 
 
This technique is highly dependent on the ability of the clinician which makes it not easily re-
producible (Callieri et al., 2003). 
 
 Area   
 
 The ruler method  
This method allows the measurement of the maximal length by the maximal perpendicular 
width, through a not reusable paper ruler in order to afterward calculate wound area. However, this 
2-D system works on the assumption that the wound has a geometric surface shape, as a rectangle 
(length x width), a circle (diameter x diameter) or an oval (maximum diameter x maximum diame-
ter perpendicular to the first measurement) (Sterling, 1996; Plassmann, 1995) (Figure 2.3). 
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Figure 2.3- The ruler method a) Image of the wound b) Measurement of the length (red line) and width (blue 
line) of the wound through the ruler method (Wendelken et al., 2011). 
 
This method is simple to use, inexpensive and widely used in hospitals around the World, how-
ever, it has shown inconsistencies in measurements limited by subjective interpretation and inter 
observer variability (Gelfand, 2002; Sheehan, 2003), and since wounds of various shapes and area 
may fit into the same linear L × W dimensions, most of the wounds cannot be accurately measured 
if they are not rectangular or square shaped (Ahn and Salcido, 2008). 
Furthermore, ruler-based techniques also carry the risk of wound contamination and inaccuracy 
and in certain situations can be painful to the patient (Thawer et al., 2002).  
 
 
 Acetate method  
 
The practice of tracing the outline of a wound through a transparency appears to be the most 
popular and practicable method for area measurements. This technique has shown to be inexpen-
sive, easy to learn and readily available.  
The acetate method consists of applying a two-layer transparent acetate over the wound and 
then trace the wound edges with a permanent pen on the transparency sheet. The lower sheet that 
is in contact with the wound is thrown out into clinical waste and the top layer is stored within the 
patient files (Mani, 1999) (Figure 2.4). The area is approximated by counting the number of squares 
on the grid covered by the wound outline. The area can also be estimated with the use of a plani-
meter (Langemo et al., 2001; Majeske, 1992; Mayrovitz and Soontupe, 2009). 
 
Figure 2.4- Acetate method a) Manual tracing of the wound b) Image of the wound (Wendelken et al., 2011). 
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For the majority of cutaneous wounds, in spite of the errors introduced by flattening a curved 
surface, the wound area approximations and the healing obtained from contour delineation are 
reliable (Mani, 1999). 
 
 
 Digital planimetry  
Digital planimetry includes the same process to get the wound edge as the acetate method, i.e., 
a two-layer transparent acetate is applied on the wound and the perimeter is traced with a perma-
nent pen on the top transparency sheet, then, the lower sheet which is in contact with the wound is 
discarded into clinical waste and the top layer will enable the characterisation of the wound, but 
instead of counting squares, the tracing is positioned on a digital tablet, and the edge is re-traced 
using a stylus (Sterling, 1996; Plassmann, 1995) (Figure 2.5). The underlying sensor then calculates 
the wound area.   
Figure 2.5- Digital planimetry of a wound (use of PictZar Digital Planimetry Software on a Windows 8 Tablet) 
(PictZar Digital Planimetry Software, 2007). 
 
 Kundin gauge 
 
This method consists of a commercially existing 3-D ruler used to estimate the area and volume 
of wounds (Kundin, 1985), see Figure 2.6.  This method was developed as an easy basic tool that 
could be used with simple mathematical formulas to give accurate estimations of area and volume.  
This tool is based on the use of three disposable paper rulers set at orthogonal angles to meas-
ure length, breadth or width, and depth of the wound, once it is an inexpensive plastic coated pa-
per instrument designed to be thrown away after one time use, it can be placed on top of a wound 
to measure wound surface area or volume, thus minimising the risk of infection to the patient or 
nurse (Kundin, 1985; Kundin, 1989). 
Figure 2.6- Kundin gauge (Kundin, 1985; Kundin, 1989). 
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To compensate for the irregular shapes of ulcers, values from the Kundin wound gauge are ap-
plied to mathematical formulas. For wound surface area, the formula involves an ellipse (with the 
area calculated as A=length x breadth x 0.785) and for wound volume, it involves an elliptical 
paraboloid (being the volume calculated as V= A x depth x 0.327) (Kundin, 1985; Baranoskl and 
Ayello, 2004). Although simple, ruler-based methods do not provide very consistent results being 
highly inaccurate for non-regular or big wounds and have also the risk of wound infection (Thawer 
et al., 2002).  
 Volume  
To invasively measure the volume of the wound cavity are applied two main methods: the saline 
method and the alginate method (Keast et al., 2003).  
 
 Saline method 
This method, shown in Figure 2.7, consists of covering the wound with a transparent film and 
then, using a syringe, fill the wound cavity with a saline solution. The volume of the wound is ob-
tained by the assumption that the volume of saline dispensed from the syringe into the wound is 
equivalent to the volume of the ulcer (Langemo et al., 2008).  
 
 
Figure 2.7- Usage of the saline method to quantify the volume of an ulcer (MAVIS II, 2006). 
 
However, this method has limitations once it carries the risk of wound contamination, the 
wound might absorb the saline and the shape of the film might not be equivalent to the original 
healthy skin, affecting the precision of the measurement. 
 
 Alginate method  
The alginate method is a derivation of the first method described and the procedure consists of 
filling the cavity with an alginate or silicon based paste, which rapidly sets plastic and creates a 
mould (Figure 2.8). Once set, the material is still flexible enough to be easily extracted (Shai et al., 
2005; Hayward et al., 1993; Pories et al., 1966). The volume of the alginate cast can be obtained 
directly using the fluid displacement technique or by weighting the cast and dividing the weight by 
the density of the casting materials (Krouskop et al., 2002). 
This type of solution is well tolerated by wounds and granulating tissues, do not cause embar-
rassment to the patients and is capable of reproducing the irregularities of wounds. 
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Figure 2.8- The alginate method to quantify the volume of an ulcer (MAVIS II, 2006). 
 
However, is mandatory the maintenance of a position by the patient to allow wound filling by 
the alginate based solution which may not be conceivable and can induce pain/discomfort to the 
patient (Shaw and Bell, 2011). 
 
2.2.2.2 - Non-invasive methods 
 
Diagnosis and follow-up of chronic wounds is one of the fields that can benefit from integrating 
image-based systems into the diagnostic process. The existing approaches are frequently invasive, 
subjective and time consuming. Therefore, fast, accurate and non-invasive instruments to achieve 
chronic wounds assessment are needed. 
One application of imaging devices is to save the 3-D geometrical shape of the object surface in 
digital form which can be stored in any computer system, being useful for physicians and derma-
tologists.  
 Optical based techniques 
Optical based techniques allow assessment of CW with objectivity and non-invasiveness, avoid-
ing all the resulting problems from physical contact to the wounds. However, these techniques are 
incapable of measuring not visible wound or lesions that extend around the extremity. 
 
 Stereophotogrammetry (SPG) 
This is a passive non-contact method in which a stereographical camera linked to a computer 
captures two photographs of the same wound from slightly different angles (Figure 2.9) then, the 
images are downloaded to the computer where they are reconstructed to produce a 3-D model of 
the wound for the purpose of tracing the wound perimeter. The re-projection of the images through 
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the same apparatus produces a full-scale three-dimensional image when viewed through polarising 
lenses. The plotting mechanism allows the operator to digitally record x, y, and z coordinates for 
computer analysis (Bulstrode et al., 1986; Plassmann et al., 1995; Langemo et al., 1998). 
The tracing is performed by moving the cursor on the monitor and the computer software then 
calculates the wound area, length and width from the recorded coordinates via several cross sec-
tions of the ulcer and fitted triangles on the ulcer surface (Bulstrode et al., 1986; Plassmann et al., 
1995; Langemo et al., 1998). 
With this technique, the wound size can be measured in both in 2-D and 3-D (Bulstrode et al., 
1986; Plassmann et al., 1995; Langemo et al., 1998).  
 
Figure 2.9- Diagram of the stereo camera in place over a leg where “a” are the cameras (Bulstrode et al., 
1986). 
 
In the SPG technique from two different images a 3-D image is reconstructed via paral-
lax/stereovision based on the fact that when an object is viewed along two different lines of sight, 
it apparent position is displaced similarly to what occurs with the visual perception of the human 
being. This is measured by the angle of inclination between these two lines. The parallax allows the 
measurement of the distance to the object. As shown in Figure 2.10, two objects, C (red) and D 
(blue), were placed in the Fields of View (FOVs) of both cameras A and B that ensure the epipolar 
rectification of the images (Lau, 2012). 
Figure 2.10- a) Camera A views the object in its right-hand FOV, while camera B views in its left. b) The blue 
object appears closer to the camera pair than the red object (Lau, 2012).  
  
From camera A's perspective, the blue object is to the right of the red object, whereas from 
camera B's it is on the left. Due to the fact that the blue object has a larger parallax than the red 
one, it can be inferred that it is closer than the red object to the camera pair. Therefore, by mak-
ing such parallax measurements on the objects in a scene, the distance from the cameras can be 
determined; next the 3D coordinates of the surface’s points are calculated via triangulation and 
then a 3-D image of a scene can be reconstructed via pc (Lau, 2012; Peshko, 2005) through the cor-
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respondence of points in the two images and computing the point depth based on the distance be-
tween corresponding points in the pair of images (Mohafez et al., 2016). 
The SPG method produces highly accurate and precise measurements. However, time consump-
tion is still its main disadvantage, since photographs of the wound have to be taken first before a 
trained operator can make measurements from them after about 15 minutes (Plassmann et al., 
1995). 
 
 Structured Light  
The MAVIS (Measurement of Area and Volume Instrument system) (Plassmann and Jones, 1992; 
Plassman and Jones, 1998) shown in Figure 2.11 a), is an active method based on the structured 
light technique. In the structured light method, a projector illuminates the wound area with a set of 
70 parallel stripes of light (Figure 2.11 b)) then, the wound is photographed at a known angle. From 
the known positions of the camera, the projector and the points of intersection of the stripes of 
light with the wound’s surface, the computer produces a 3-D representation of the area and volume 
based on the captured images (Figure 2.11 c)) (Krouskop et al., 2002; Plassman and Jones, 1998). 
 
Figure 2.11- Structured Light a) The MAVIS b) The Structured Light method c) 3-D representation of the area 
and volume of the ulcer (Krouskop et al., 2002; MAVIS II, 2006). 
 
This 3-D representation of a wound can be obtained via active triangulation where every point 
illuminated is assumed to be the intersection point of two lines. The 1st line is formed by the ray 
originated in the light source and intersects the surface and the 2nd line is given by the reflected 
ray from the wound surface through the focal point of the imaging device to a point on the image 
plane.  
Knowing the position and orientation of the light source and camera, the point on the surface 
can be computed through triangulation as shown in Figure 2.12, where (xc, yc, zc) are the coordi-
nates of the centre of the camera, (xp, yp, zp) are the coordinates of the projector, (xpi, ypi) and 
(xci, yci) are the coordinates of the points of the projected and captured (deformed) images, re-
spectively. (fc, fp) are the camera and projector focal lengths; α and β are the angles of the basis 
with the project and the camera, respectively and (Xi, Yi, Zi) are the terrain coordinates of each 
point of the measured object (Buchón-Moragues et al., 2016; Krouskop et al., 2002; Peshko, 2005). 
Then, the volume of a wound is sandwiched between two surfaces: the measured surface and 
the original, healthy skin surface which is created from undamaged parts of the skin surrounding the 
wound. Consequently, wound depth is the maximum distance between the measured and the recon-
structed surface (Plassman and Jones, 1998).  
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Firstly, the outline of the wound is delineated by the operator tracing its edge in the image 
without stripes (this tracing is afterward used to calculate wound’s area and circumference). Then 
Cubic splines are used to interpolate the original healthy skin, generating curves with minimum 
curvature which is thought to imitate the behaviour of normal skin being under tension from all 
sides (Plassman and Jones, 1998). 
 
Figure 2.12- Acquisition of the 3-D surface of objects using the Structured Light method (Buchón-Moragues et 
al., 2016). 
 
The Structured Light method (Plassmann and Jones, 1992) does not need the production of in-
termediate slides since pictures of the wound are captured directly into a computer which does the 
subsequent image processing, so less user activity is required to operate the system which makes 
the method much easier to learn, less sensitive to operator introduced errors and faster than others 
systems (Plassmann and Jones, 1992). 
The MAVIS (Plassmann and Jones, 1998) results are better than the traditional methods in re-
peatability of volume, area and depth measurements. Nevertheless, MAVIS has a big disadvantage, 
due to the optical principle of this instrument, it is incapable of measuring wounds that are under-
mined, being replaced by the MAVIS II (MAVIS II, 2006) and subsequent versions, which uses only a 
reflex digital camera equipped with special dual lens optics to record two half images from slightly 
different viewpoint.  
 
 Combination of methods  
In order to obtain the most accurate and objective assessment of chronic wounds, several meth-
ods have been proposed, however, when applied to all the different types of ulcers, the robustness 
of the existing instruments fail to achieve good characterisations. 
For this reason, combinations of methods to increase the accuracy of the assessment have been 
tested. Barone et al. (Barone et al., 2011) monitored the wound healing process based on a full 
combination of geometrical, thermal and chromatic data captured by a 3D optical scanner and an 
infrared (IR) detector. Colour and thermal images are segmented to support clinicians in extracting 
wound descriptors (i.e., colour and temperature), see Figure 2.13. The segmentation results are 
directly mapped onto 3D geometries of lesions creating a valuable multi-data tool, which allows real 
wound-bed evolutions to be monitored. This approach enables the acquisition of the main parame-
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ters for monitoring chronic wounds:  area, volume, colour and temperature, without necessitating 
physical contact with the patient (Barone et al., 2011). 
 
Figure 2.13- Results of the methodology created by (Barone et al., 2011) where (a) 3D geometrical wound 
model, (b) 3D colour texture map, (c) 3D thermal map, (d) 3D segmented data using wound detection on the 
chromatic image, (e) 3D segmented data using wound detection on the thermal image. 
 
The use of 3D temperature distribution represents a major advantage once it allows the objec-
tive monitoring of the healing process in complex chronic wounds, eliminating the dependence of 
good ambient lighting conditions to accurately assess wounds. However, the 3D thermo-scanner is a 
very expensive equipment, mainly due to the use of a thermal camera which translates in high ini-
tial investment (Barone et al., 2011). 
 
Leskovec et al. (Leskovec et al., 2007) created a handheld laser-based 3D measuring device 
comprising a laser projector and a digital camera. While the wound is illuminated with light planes, 
the laser projector illuminates the wound and the camera photographs the wound from different 
angles (Figure 2.14). The images are then transferred to a computer and reconstructed into a 3D 
image (Sørensen et al., 2015). 
 
Figure 2.14- Methodology created by (Kecelj Leskovec et al., 2007) a) Visual images captured by the camera 
and b) Wound being illuminated by light stripes. 
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Although the developed system was fast, easy to handle due to its small dimensions and did not 
required contact to obtain the measurements, tasks like the determination of wound edges and skin 
irregularities of the wound’s neighbouring tissue were challenging (Sørensen et al., 2015). 
Still in the topic of combination of methods, Bowling et al. (Bowling et al., 2011) created an op-
tical system (Eukona®, Fuel 3D technologies, Oxford, UK) where a bespoke camera-like device, a 
computer software and single-use disposable optical targets were combined to obtain the 3D image 
of the reconstruction of diabetic foot wounds, see Figure 2.15 (Sørensen et al., 2015). 
 
Figure 2.15- Methodology created by (Bowling et al., 2011). 
 
This system was defined as simple and easy to use, having a great potential to be implemented 
in a telemedical set-up. However, the small sample size used and the limited details given relative 
to the wound base were pointed as withdraws (Sørensen et al., 2015). 
 
None of the methods for wound measurement described in this document is close to perfection 
as shown by the information gathered in the Table 2.14. In summary, periodic quantitative assess-
ment of chronic wounds over time is more accurate and able of providing a more trustworthy infor-
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Table 2.14 -Comparison of the advantages and disadvantages of the most used methods for quantitative wound 
characterisation (Plassmann et al., 1995). 
 
 Image processing and mobile applications 
 
There are several issues with the actual practices for assessing objectively ulcers, as before 
mentioned. First, patients have to dislocate to their wound clinic on a regular basis to proceed to 
the assessment of their wounds by physicians. This regular clinical evaluation is inconvenient and 
time consuming for patients and physicians, it is associated to large health care costs (patients 
might necessitate exceptional transportation) and, as mentioned before, produces subjective meas-
Measurement  Method Advantages  Disadvantages  
Depth Depth gauge 
Inexpensive  






Highly correlated to more 
accurate methods. 
Fast 
Easy to learn and to use 
Inexpensive 
High standard deviation of 
the measurements 
Measurements must be 
made under always the 
same conditions. 




Easy to learn 
Inexpensive 
Accurate 
Produces graphical record 














Moulds provide records 
Easy to learn 
Invasive 















Trained operator required 







Faster than SPG 
Limited field of view 
Necessity of training 
Expensive 
Not practical to use in 
clinical environment 
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urements and quantifiable parameters of the healing status (Wannous et al., 2008) which makes the 
following of the wound healing process a problematic task.  
The area of image analysis is a field of study that aims at the development of techniques that 
allow the extraction of maximum information from images, allowing to acquire a greater power of 
analysis, resulting in greater diagnostic support information (Gonzalez et al., 2004). 
The Figure 2.16 presents the different stages in image processing, it starts with the acquisition 
of the image, which contains the object of study, this acquisition can be performed by different 
devices that have a digital camera (Gonzalez et al., 2004). After, is performed image quantisation 
which consists of mapping the image’s continuous intensity range to a discrete number of intensity 
levels (Image Analysis and Computer Vision Laboratory, 2012). The image is then submitted to a pre-
processing phase, which consists of several techniques (filtering, morphological operations, noise 
removal, etc.) used to increase the quality of images for future processing. After this, image seg-
mentation is performed with the intention of partitioning an image into clusters according to a set 
of characteristics. The next phase is feature extraction/detection and classification which aims the 
extraction of the most important characteristics of the segmented components that are of interest 
to the study, being these characteristics used to train and test a classifier. In the final phase, regis-
tration, is performed the alignment or other operation between two or more images (Gonzalez et 
al., 2004). 
Computer software that automatically identifies the wound edge thus increasing accuracy and 
speed of measurement would be a major step forward (Sharifi et al., 2002). 
 
 
Figure 2.16- Block diagram of medical image processing and analysis. 
 
 
There have been efforts to use image processing techniques for automatic and quantitative 
analysis of CW images, however, the distinction of the image background and the different types of 
tissue is a complex assignment. This is due to the fact that wounds have a non-uniform arrangement 
of red (granulation), yellow (slough) and black (necrotic) tissues conducing to colour ambiguity 
(Kolesnik and Fexa, 2005; Mukherjee et al., 2014; Zheng et al., 2004; Wannous et al., 2007).  
A developed methodology was based on the 3-D RGB colour histogram followed by a clustering 
technique to cluster the histogram bins and thus segment the different types of tissue in the wound. 
Lastly, the area of the segmented granulation tissue was used as a quantitative measure for wound 
healing assessment (Berriss and Sangwine, 1997). Even though the outcomes of this strategy were 
promising, the un-calibrated wound images used and the inadequate number of images disallowed 
the investigator from establishing colour reproducibility and generalise the proposed method. Fur-
thermore, the low resolution of the RGB images, the criteria used for the selection of the seeds in 
the clustering algorithm and the order wherein the clusters were created limited the algorithm.  
In another study, it was tested the segmentation and classification of the slough tissue in 30 PUs 
on the basis of the changes in the Hue, Saturation and Intensity (HSI) colour space after semi-
automatic delineation of wounds by an adaptive spline method, then, the amount of slough was 
calculated via a quantitative measure during the wound healing assessment. When compared to the 
clinicians’ decision to prove the accuracy of the colour characterisation obtained with this method-
Image 
acquisition  
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ology, it was achieved 75% of agreement. Moreover, the uncontrolled lighting circumstance ap-
peared as 10% shift in red patches of colour checker, jeopardising the consistency of the results 
once minor changes in hue were described (Hoppe et al., 2001). 
The same group of researchers using the same protocol, conducted another experiment, being 
the number of leg ulcers increased to 50. The results obtained, revealed that the colour shift of the 
red patches increased to 17%. Therefore, calibration of hue values previous to wound analysis was 
recommended (Oduncu et al., 2004). 
For classifying wound tissue, a study (Belem, 2004) was performed based on the support vector 
machine (SVM) using calibrated images. First, the wound was manually delineated and then was 
automatically segmented in CIE (Commission Internationale de l'Éclairage) L*u*v* (the L* component 
representing perceived lightness, while u* and v* represent chromatic components) (Mao, 2012) into 
smaller sections, with the purpose of distinguishing “healthy” from “non-healthy” tissues. After, 
parameters statistically extracted were imposed to a "brute force" method for selecting the most 
successful for following classification. Classification engines were employed such as: logistic regres-
sion, SVM and an artificial neural network that were compared against each other and the clinician's 
assessment by means of the Kappa agreement estimator. Results demonstrated that SVM was the 
best classifier, with more reliability in its decision than most of the healthcare professionals. Al-
though, the outcomes of this study were promising, more evidence was vital to guarantee connec-
tion between actual wound inflammation status and classification as the infection is not necessarily 
the only cause of colour. 
A multidimensional histogram sampling technique was applied in another study to automatically 
segment the wound region, which provided a set of feature vectors that served as an input for SVM 
classifier. The 3D colour histogram sampling produced more discriminatory set of features for SVM 
classifier than those of one dimensional histogram, enhancing the precision of the segmentation of 
the wound area by 20-30% (Kolesnik and Fexa, 2005). Though, this methodology unsuccessfully gen-
erated a contour as satisfactory as the one outlined by healthcare professionals.  
In another research (Wannous et al., 2007), before classification, an unsupervised segmentation 
method was applied to wound images increasing the robustness of tissue classification. Then, the 
colour and texture descriptors (standard deviation, average, skewness and kurtosis) were calculated 
in perceptually uniform colour spaces La*b* and LC*h* to create a SVM classifier with 88% consecu-
tive overlying scores. To conclude, the unsupervised segmentation method was applied on test-
samples, followed by the classification of the regions, being obtained a classification performance 
of 75% for granulation tissues and of 60% for slough tissues. Nevertheless, the characterisation error 
was superior to 50% for necrosis and the proposed methodology required initial manual selection of 
Region of Interest (ROI) (Veredas et al., 2010). 
With the purpose of classifying wound bed tissues in leg ulcers, Zheng et al. (Zheng et al., 2004) 
proposed a new method with three 2-D histograms of RGB (Red, Green and Blue) pixel distribution 
values as an input for case-based recovery, K-Nearest Neighbours classifier. The outcomes verified 
that for binary classification, the accuracy went from 86.2 to 99.45%, whereas for multiclass seg-
mentation was 87.2%, which is higher than the 77.6% obtained in the study performed by (Berriss 
and Sangwine, 1997). 
Aiming the same as the study developed by (Zheng et al., 2004), Galushka et al. (Galushka et 
al., 2005) used as an input for case-based classifier, eighteen texture features from co-occurrence 
matrix of each RGB channel and eighteen RGB colour features. To evaluate the accuracy, two 
groups of experiments (one with three classes and other with six classes) were performed. From the 
achieved results, it was possible to state that the textural features were less efficient in multi-class 
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segmentation (58.3% of accuracy for 3-class and 54.4% of accuracy for 6-class), than the colour fea-
tures (89.93% of accuracy for 3-class and 86.8% of accuracy for 6-class). This weakness is justified by 
the small size of the ROI which predictably reduced the classifier’s accuracy.  
Other approach for this problematic was the implementation of a hybrid design constituted by 
Bayesian classifiers and neural networks. A region-growing algorithm and a mean shift method were 
created to accomplish region segmentation. The texture and colour patterns served as inputs to 
train a set of k multilayer perceptrons, the outputs (tissue classes) were established by clinical ex-
perts. Finally, by training a Bayesian classifier for integrating the classifications of the k neural 
networks a Bayesian committee machine was designed. The results obtained for the binary cascade 
strategy were specificity = 94.7%, accuracy = 91.5%, and average sensitivity = 78.7% (Veredas et al., 
2010). It was concluded that with the exception of the granulation tissue, there were significant 
variances in sensitivity between the proposed methods to classify the remaining varieties of tissue.  
For automatic tissue characterisation, a database with 74 different chronic wounds was imposed 
to Bayesian and SVM classifiers. Initially, it was performed the conversion of the wound images from 
RGB to the HSI colour space, next, the delimitation of the wound was realised through fuzzy-
divergence-based thresholding. A set of colour and texture features were used as an input for the 
classifiers, in similarity with the previous described approaches. The obtained results demonstrated 
that the SVM exhibited higher accuracy for slough, granulation, and necrotic tissues of 90.47%, 
86.94%, and 75.53%, respectively (Mukherjee et al., 2014). 
 
Medical applications for portable devices such as smartphones and tablets provide healthcare 
professionals, patients and the public a growing number of specialised tools and resources. 
Several mobile applications appear every year relatively to CW with the purposes of promoting 
patient safety, improving patient outcomes, change the treatment used to a more satisfactory 
based on the evolution of the wound healing, enhancing financial and other efficiencies and facili-
tate the communication between multiple clinicians and healthcare centres, but most of them miss 
scientific documenting (Galushka et al., 2005). 
Next are described five highly related to CW characterisation mobile applications created over 
the years with the purpose of supporting patients and caregivers. 
 Mobile Wound Analyzer (MOWA) was created in 2011 (Healthpath, 2011) as non-invasive system 
to characterise wound tissue composition in PU (necrotic tissue, fibrinous tissue and granulation 
tissue), calculate the area of the wound and suggest treatments.  
Firstly, the user (patient or caregiver) takes a photograph via the smartphone’s camera, then 
designs a mask of the lesion and the segmentation of the ulcer is performed by the mobile applica-
tion.  Then, in order to obtain wound’s area, the user must specify wound characteristics (exudate, 
infection, Haemorrhage, depth) and suggestions of treatments are displayed in the screen. The mo-
bile application offers the option of saving the characterisation report, where it must be save or 
sent and with which format. 
Although the provided characterisation by MOWA is very complete and accurate and it is avail-
able for Android and iOS devices, most of the parameters have to be added manually by the user 
(design of the mask, settings, and JPG and PDF reporting and posterior file sending through mail), 
the analysis takes up to 3 minutes, has to be purchased ($5.99 for android and $6.99 for iOS), does 
not allow physical comparison of the healing process of the wound throughout time, only evaluates 
pressure ulcers from Stage II forward (according to the EPUAP-NPUAP classification) and the identi-
fication of tissues in the wound bed is influenced by the quality of the photo. 
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In 2012 SmartWoundCare (Vivanco et al., 2012; Friesen et al., 2013) was created to satisfy three 
aims:  
1. Promote and perform remote consultation (between facilities, practitioners, and/or remote 
communities);  
2. Allow data organisation and analysis (automatically-generated text-based and graph-based 
wound histories and built-in alerts);  
3. Provide user support for non-specialised caregivers with tutorials, simulation of patients and 
descriptions of specialised terminologies. 
However, this mobile application, despite being free and available for android and iOS, it does 
not perform wound characterisation via image processing, only providing a system to store all pa-
tient’s information, images of the lesions, treatments and assessments based on the PUSH and on 
the Braden scales.  
In 2015, Varma et al. (Varma et al.,2016) created an Android application using Visual Studio 
with OpenCV with the aim of performing wound measurement in pixels and cm2, identify pus regions 
and measure its percentage. This mobile application was created to be used by the patients due to 
its simplicity and facility of use thus, avoiding dislocations to healthcare centers. 
This system performs wound segmentation by two processes: Otsu and Grab-Cut and the tissue 
classification is achieved by K-Means clustering using 3 regions (K = 3).  
However, from the obtained results, it can conclude that the Otsu’s method does not segment 
correctly low contrasting images, contrary to the grab-cut. Similar to the other documented mobile 
applications, this cannot provide information about wound volume or its three-dimensionality. 
Lei Wang et al. (Wang et al., 2015) created an application for smartphones which integrates 
wirelessly with the patient's personal glucose meter, tracks blood sugar levels, weight, exercise and 
other physical activities based on user input, generating specific messages to the user based on 
clinical information. This mobile application is oriented to patients with type 2 diabetes, therefore, 
and due to their mobility limitations, the image collection is performed via an image capture box by 
an optical system with a dual set of front surface mirrors, Light-Emitting Diode (LED) lighting and an 
inclined surface for the patients to put their foot.  
The ulcer segmentation is performed by a mean-shift algorithm resulting in a segmentation of 
the input image into homogeneous regions with analogous colour features. After, an object recogni-
tion method based on three assumptions: the image includes irrelevant contextual data; the healthy 
skin on the sole of the foot has a uniform colour; outlines of the foot’s edges do not contain foot 
ulcers, was implemented to understand the output of the segmentation and obtain the wound 
boundaries. Tissue colour classification is performed according to the RYB wound classification 
model via a K-means clustering methodology. 
Although the image capture box guarantees consistent image collection conditions, i.e., illumi-
nation and object-camera distance, due to the direct contact with the wounded extremities, micro-
bial contamination may occur in the box leading to wound contamination. Furthermore, misclassifi-
cation of pixels during tissue classification was noticed and, since the data used is bi-dimensional, 
no measures of volume and depth are performed by this mobile application. 
+WoundDesk was designed in 2015 by physicians with the aim of achieving a time saving and er-
rorless characterisation of wound healing in both diabetic and pressure ulcers as well as 
burns/scars, being available for free in the basic version for Android devices. The assessment of the 
wounds is performed semi-automatically by the selection of a ROI by the user, providing measure-
ments of wound area, severity/score and location. The output of the assessment includes registra-
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tion of treatments and dressings, wound measurements and important clinical information about the 
patient.  
However, the majority of the data present in the final report has to be manually included by the 
user thus, the mobile application does not establish connections between the wound measurements 
and its management by itself. 
 
As presented in Table 2.15, the “perfect” mobile application for chronic wound assessment is 
far from being developed. None of the mobile applications found during the research for this pro-
ject manage to completely characterise foot ulcers through visual image, i.e., none of the mobile 
applications automatically provides wound area, volume and texture as well as its 3-D representa-
tion combined with simplicity of use, mainly due to the lack of an ideal image processing methodol-
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Table 2.15- Mobile applications for characterisation of chronic ulcers (Healthpath, 2011; Vivanco et al., 2012; 
Friesen et al., 2013; Varma et al.,2016; Wang et al., 2015; +Wounddesk, 2011).  





et al. project 
Sugar +WoundDesk 
Year 
 2011 2012 2015 2015 2015 
Aim 
 Support healthcare 
professionals in the 
analysis and treat-
ment of pressure 
ulcers and provide 
an instrument for 
archiving photo-






and outcomes and 
facilitate patient 
engagement in 
their own care. 
Enable the pa-








Reduce both the 
frequency and the 
number of wound 
clinic visits by 
analysing wound 
images of patients 
with type 2 diabe-
tes suffering from 







tion of errors 
and improves 
wound healing. 
Mobile operative system 
Android   ($5.99)  (free)      (free) 
IOS  ($6.99)  (free)    
Type of chronic wound 
Burn           
Pressure ulcer         
Diabetic ulcer          
Features 
Image collection           
Image analysis           
Designed for 
patients 
          
Designed for 
clinicians 
         
Wound area 
calculation 
         
Special features Analyses tissues. 
Calculates wound 
area. 
Generates ideas for 
treatments. 
Creates an analysis 
report in PDF. 
Re-assess wounds 
on patients using 
the PUSH and 
Braden Scale tool. 
Automatically cre-
ates wound histo-
ries in text, graph 
and image formats. 
Measures wound 
area and pus 
area. 
The measured 
data is displayed 
both in pixels and 
in cm2. 
Calculates the 
pixel area in cm2 
irrespective of 
Captures images 
via an image 
capture box using 
an optical system 




ing and a slanted 
surface for 
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2.3 - Wound care 
 
The healing process of chronic wounds depends on intrinsic factors such as smoking, ischemia, 
foreign bodies, venous insufficiency, infection and cancer and on extrinsic factors like nutritional 
deficiencies, chronic renal failure, chemotherapeutic agents, distant malignancies, age, liver dis-
ease, steroids, drugs and heredity (Anderson and Hamm, 2012, Haug, 1999).  
Extrinsic factors may be controlled by strict management of eating habits, social habits, medical 
therapy and local wound care (Haug, 1999). 
2.3.1 - Dressings  
 
In order to promote the right tissue granulation, wound closing and the decrease of wound colo-
nisation by bacteria, some steps are obligatory after wound assessment: initially is mandatory to 
clean up the wound and perform its debridement and then, administrate treatments that promote 
cell migration and prevent desiccation (Buck and Galiano, 2013). 
These treatments are defined based on the extent and nature of the exudate existing in the ul-
cer, determining the type of dressing to be applied (Buck and Galiano, 2013). 
 
 Gauze 
Gauze dressings usually consist of woven and non-woven fibres of cotton, rayon and polyesters 
(Boateng et al., 2008) and are currently the “gold standard” treatment for non-specific wound care 
to which the Food and Drug Administration (FDA) compares most dressings, due to its low cost, 
prompt availability and the fact that it can be purchased impregnated with several substances (Buck 
and Galiano, 2013).  
the height from 
which the image 
is captured. 
patients’ foot. 
Tracks the area 
and healing status 









Limitations Manual submission 
of several parame-
ters by the user 
(design of the 
mask, settings   and 
Jpg and pdf file 
sending via mail). 
Identification of 




influenced by the 
quality of the 
photo. 
Do not perform 
image analysis. 
Do not measure 
the volume of the 
wound nor gives 
other information 
than wound area, 
pus area and pus 
percentage. 
Lacks of informa-
tion about wound 
texture. 
Do not measure 
the volume of 
the wound 
Majority of the 
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However, its usage can have a pro-inflammatory role leaving microfibers within the wound be-
coming a cause of possible infection and its removal can be painful leading to collateral damage of 
the adjacent healthy tissue (Buck and Galiano, 2013). 
 
 Hydrogel Dressings 
The aim of hydrogel dressings is to maintain the moist and rehydration of wounds via complex 
polysaccharides (e.g., starch) in order to enable healing via autolytic debridement.  However, the 
application of this dressings, as others, can lead to the absorption of reasonable volumes of fluid 
from the lesion.  
These dressings can take several physical forms: sheets, gels and impregnated into gauze, and 
since it does not adhere to the wound tissue, their removal does not cause major pain, still, its non-




Hydrocolloids are gel-forming agents (gelatine, pectin or carboxymethyl cellulose), which con-
stitutes a resistant barrier to gases and liquids and can take the form of powders, pastes or sheets 
(Buck and Galiano, 2013). Examples of this dressing are impermeable to bacteria, moisture and oxy-
gen (Daley, 2017), providing a moist environment that stimulates cell migration and autolysis wound 
debridement. Due to their occlusive nature, they cannot be applied in severely bacteria’s colonised 
wounds (Buck and Galiano, 2013). 
 
 Foam Dressings 
Foam dressings consist of a combination of non-adhering polyurethane and an occlusive cover. 
Although the outer layer forms a barrier against liquids via its hydrophobic properties, it allows ex-
changes of gases and water vapour (Ramos-e-Silva and Ribeiro de Castro, 2002). Since the polyure-
thane has a great absorption capacity, these dressings constitute a wick for wound fluids, being 
extremely advantageous for extremely exudative ulcers (Buck and Galiano, 2013), not requiring 
secondary dressings (Ramos-e-Silva and Ribeiro de Castro, 2002). 




Alginate dressings can take numerous forms and can absorb fluids up to nearly 20 times their dry 
weight being, therefore, extremely advantageous in the treatment of very exudative wound since 
they allow the elimination of fluids from the wound bed without requiring daily changes of the 
dressings (Buck and Galiano, 2013). 
 Antimicrobials 
Antimicrobial dressings consist of a broad group of dressings that comprise an antimicrobial 
agent. An example of these agents is silver to which are associated most of the advantages since it 
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is ionised in the moist environment of the wound, has biologic activity, has a wide range of bacteri-
cidal activity 
involving very resistant organisms and represents low toxicity to the cells of the human body (Buck 
and Galiano, 2013).  
Another antimicrobial agent is cadexomer iodine, which consists of a slow-release arrangement 
of iodine that allows the achievement of constant bactericidal concentrations within the wound 
bed, without damaging the cells of the wound.  
Other antimicrobials include preparations of sodium hypochlorite solution (Dakin’s solution), 
mafenide acetate and silver sulfadiazine (Buck and Galiano, 2013). 
 
 Semipermeable film 
These dressings are acrylic adhesive films with little hydrating ability and no absorptive capac-
ity, being mostly indicated for dry, clean ulcers with insignificant exudate or to hold in place an 
underlying absorptive dressing, to secure intravenous catheters and to shield high-friction parts and 
areas whose bandaging is a challenge (e.g., heels) (Daley, 2017).  
 
 Hydrofiber 
A hydrofiber is an absorptive textile fibber pad which, when combined with the exudate of the 
wound, produces a hydrophilic gel. Therefore, hydrofiber absorbent dressings have more advantages 
when applied in exudative wounds being covered with a secondary dressing (Daley, 2017). 
 
In the table 2.16, a summary of the types of dressings more suitable for each wound type, ex-
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Table 2.16- Comparison of the different types of dressings and their application (Daley, 2017; Kannon and 
Garrett, 1995; Piacquadio and Nelson, 1992; Edgepark Surgical, 2005). 
 
Type of dressing Type of wound Examples  Advantages Limitations 
Gauze All wounds 
Mesalt 
Curity gauze sponge 
Curity packing strip 
Xeroform 
Iodoform impreg-
nated packing strips 
Vaseline gauze 
Inexpensive accessible 
Its removal can be painful 
Can lead to infection 

















No traumatic removal  
Pain relief 
Can lead to over hydration 
Hydrocolloids 
Wounds with moder-







Do not require change 
of dressing for 3 to 5 
days 
Protects wound from 
contamination 







3M Adhesive Foam 
Allevyn hydrocellular 
High capacity of absor-
bency 
Thermal insulation  
Occlusive 
Cannot be used on non 
exudating or slightly exu-
dating wounds 
Malodorous discharge 







Does not require daily 
dressing change or 
multiple dressing 
changes per day 













Low toxicity to the 
human cells 
May require secondary 
dressing 
Possible alteration of 











Protects wound from 
contamination 
Retains moisture 
Allow visual inspection 








High capacity of absor-
bency  
Fibrous debris 
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2.3.2 - Adjuncts to wound care 
 Compression 
Compression therapy is the most popular therapy to treat venous ulcers (Rojas and Phillips, 
2001; Fletcher et al., 1997; Cullum et al., 2000), since by assisting the calf muscle pump and reduc-
ing distention in superficial veins leads to the relief of oedema and stasis (Rojas and Phillips, 
2001) and stimulates the granulation of the healthy tissue (Cullum et al., 2000). Compression can be 
administered through single-layer bandages, multilayer bandages, compression stockings or combi-
nations of stockings and bandages, being classified by the level of compression applied to the ex-
tremity (compression stockings can give 35 mm Hg of pressure at the ankle, while compression ban-
dages can give 60 mm Hg at the ankle) (Cullum et al., 2000). 
However, before applying the compression therapy, the patient should be consulted by vascular 
surgery to ascertain the presence of concomitant arterial insufficiency which, combined with com-
pression can lead to gangrene, ulcer worsening and/or limb amputation (Callam et al., 1987a; Cal-
lam et al., 1987b). 
 
 Topical negative pressure devices 
Topical negative pressure (TNP) or vacuum-assisted closure (VAC) devices, comprise a fenes-
trated evacuation tube attached to a vacuum source and embedded in a foam dressing and covered 
with an airtight dressing. Through this device, is continuously or intermittently provided subatmos-
pheric pressure (100-125 mm Hg) (Hess et al., 2003) which allows the maintenance of a moist envi-
ronment, exudate removal, reduction of bacteria, increase of local blood flow and formation of 
granulation tissue, accelerating the healing process of the wound (Hess et al., 2003; Morykwas et 
al., 1997; Saxena et al., 2004; Shirakawa and Isseroff, 2005; Venturi et al., 2005).   
The TNP dressings are suited for venous, diabetic and pressure ulcers, however, they should not 
be applied to ischemic wounds since it can trigger necrosis of the wound boundaries (Venturi et al., 
2005; Clare et al., 2002).   
 
 Growth factors 
Several essential cellular activities (cell division and migration, angiogenesis and synthesis of ex-
tracellular matrix constituents) comprised in the normal tissue repair process are controlled by 
growth factors, therefore, some suggest that a lack of them may happen in chronic wounds (Robson 
and Smith, 2001). Recombinant human platelet–derived growth factor isoform BB (rhPDGF-BB 
homodimer, becaplermin; Regranex; Johnson and Johnson) is the only topical growth factor ap-
proved by FDA for the treatment of chronic neuropathic lower limb diabetic ulcers. Becaplermin is 
used to treat pressure ulcers (Robson et al., 1992; Mustoe et al., 1994; Rees et al., 1999) and has 
similar biologic activity to the PDGF-BB stimulating the chemotactic recruitment and proliferation 
of cells, leading to complete heal in less time (Steed, 1995; Ladin, 2000).  
 
 Skin substitutes 
Surgical skin grafting is recommended for recalcitrant ulcers. Grafting of split-thickness autolo-
gous skin is a well-known method of treating severe chronic venous leg ulcers, where allogenic and 
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synthetic skin substitutes are used to close longstanding wounds. These products allow the elimina-
tion of the requirement for a graft donor site, showing benefits when applied in venous and diabetic 
neuropathic ulcers (Gentzkow et al., 1996; Falanga and Sabolinski, 1999; Veves et al., 2001; Jones 
et al., 2002; Marston et al., 2003; Omar et al., 2004). 
 
 Hyperbaric oxygen therapy 
Tissue hypoxia leads to the non-healing of several CW (Kranke et al., 2004). For this reason, is 
applied the hyperbaric oxygen therapy, which consists of breathing 100% oxygen at supra-
atmospheric pressures inside a compression chamber (Kranke et al., 2004). 
Hyperbaric oxygen therapy seems to decrease the rate of major amputation associated with 
diabetic foot ulcers and can increase the possibility of diabetic foot ulcer healing at one year (Ber-
endt, 2006), however, it can introduce temporary myopia, oxygen toxicity to brain and lung, baro-
trauma to the ears, lungs and sinuses (Kranke et al., 2004). 
There is insufficient evidence to suggest benefits for venous, arterial, or pressure ulcers. In con-
trast, topical oxygen therapy (where the wounded extremity is introduced into an airtight bag and 
surrounding it with oxygen under slightly increased pressure), is thought to be clinically unsuccess-
ful (Cronje, 2005). 
2.4 - Summary  
1. From this section, it can be understood the importance of wound assessment, since it pro-
vides information about its characterisation and the healing process allowing the adjustment of the 
treatments applied to the patients.  
Qualitative assessment based on scales is widely used for its simplicity to create comparable 
semi-quantitative data (Wannous et al., 2010) and promote better management of resources, how-
ever, it depends on visual inspection, being time consuming and susceptible to human errors, having 
its usefulness limited. In fact, most of the mentioned scales present several limitations, such as: not 
incorporating subjective symptoms such as pain or pruritus (Crowe et al., 1998; Van der Wal et al., 
2012; Flanagan, 1993; Van Zuijlen et al., 2002), not considering nutrition as a risk factor (Flanagan, 
1997), not providing descriptions of their risk components (Norton, 1996) and the absence of re-
cording the location of the ulcer and foot deformities. The patient self-assessments of CW can be 
affected by several aspects such as emotional influences, ulcer location (Martin et al., 2003; Powers 
et al., 1999), age (Singer et al., 2000; Kearney et al., 2001) and gender (Newton-Bishop et al., 
2004), thus, the assessment based on patient-related factors should also be included (Oyibo et al., 
2001). Furthermore, the resulting notes of the examination process are not always documented 
consistently and their storage constitute extra clinical work (Malian et al., 2005; Veredas et al., 
2010). Additionally, there is not a gold internationally adopted standard scale for each type of 
wound and because the assessment is based on the observer and its experience, even in the same 
department of the same hospital, one scale can have its applicability adapted according to the ob-
server perception.   
The lack of fulfilment of some of the requirements, impelled the development of several differ-
ent scales and modifications of the originals over the time, however the most critical unresolved 
issues remain: pre-requisite of training, need for clarity (Norton, 1996), predictive performance 
(Bick and Stephens, 2004; National Institute for Clinical Excellence, 2003; National Institute for 
Clinical Excellence, 2005) and definition of the critical threshold score (Clark and Farrar, 1992).
Summary           45 
 45 
 
The quantitative visual assessment of CW based on the RYB system provides subjective and pos-
sibly inaccurate outcomes since red wounds can be healing (granulated), over-granulated or in-
fected, which also applies to yellow wounds as they can contain slough or infected discharge 
(Cuzzel, 1988; Lorentzen et al., 1999; Vermeulen et al., 2007).  
2. For obtaining a more accurate assessment than the one provided by scales, contact methods 
were further created based on manual techniques to acquire wound’s shape, perimeter, area and 
depth. These methods are inexpensive and easy to learn and use in health centres, however, can 
lead to wound contamination, are extremely dependent on the health professional, can cause pain 
to the patient and are associated to high inaccuracy and variability, introducing errors in the result-
ing measurements (Flanagan, 2003; Majeske, 1992; Dealey, 1994; Goldman and Salcido, 2002; Rod-
gers et al., 2010; Shaw and Bell, 2011; Griffin et al., 1993). 
3. The optical methods and their combinations can reconstruct the 3D shape of the wound with 
high precision, yet, their price, the requirement for training, time consumption and its problematic 
practicability in medical environment due to their great dimensions, are presented as limitations 
that restrict its availability in daily routine practice (Plassmann and Jones, 1992; Zhan and Miller, 
2003). The non-invasive systems based on image processing techniques, although inexpensive and 
pain free, do not provide information of the 3D characteristics of wounds and the ones that do de-
liver this information, have its price enhanced due the combination of other technologies, shorten-
ing its clinical applicability. 
4. Broad literature review revealed that there is an urgent necessity for automatic quantita-
tive estimation of wound tissue within the wound bed, which might assist healthcare professionals 













































3.    
The developed methodology can be resumed in three steps: 
1. Selection of the technologies and programming languages to work with based on the 
problematic’s nature. 
2. Selection of the algorithms that better perform wound assessment. 
3. Creation of an Android mobile application and incorporation of the algorithm previ-
ously created. 
 
This chapter outlines the methodology used throughout this research work being described the 
necessary equipment for image acquisition and processing, the data collection, tested image proc-
essing techniques that did not succeed, the software and algorithms used to obtain the results, the 
design of the Android application and the analysis protocol used to evaluate the results of both 
methodologies. 
3.1 - Equipment and Software 
 
This project can be divided in two main phases:  
 
1. Creation of an image processing methodology to characterise chronic ulcers using 
MATLAB. 
2. Development of a mobile application using Android Studio and implementation of the 
methodology previously created, using OpenCV with a wrapper (JavaCV). 
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Therefore, to generate a dataset of 200 images to test the created methodologies, was used 
a standard digital camera in order to mimic the conditions and quality of the cameras of the 
current portable devices and the image processing methodology was implemented using MATLAB 
in a MacBook Air 13’’ (Table 3.1 and 3.2).  
 
































MATLAB is a high-performance matrix-based language developed by MathWorks (Mathworks, 
1984), which provides a vast range of libraries of prebuilt toolboxes with useful algorithms for tasks 
such as: image and signal processing, communications, machine learning, computational finance, 
computer vision, control design and robotics.  
MATLAB’s basic data element is an array that does not necessitate dimensioning therefore, this 
language allows the creation of solutions to technical computing problems that include matrix rep-
resentations, with less coding and time spent writing code than it would take with languages like C 
Quantity  Type  Model  
1 Digital camera Fujifilm Finepix L50 12mp 
220 Calibration marker 2D White square adhesive with 2.5 x 2.5 cm2 
50 Calibration marker 3D White square adhesive with 1.0 x 1.0 x 0.5 cm2 
1 Portable Computer MacBook Air 13’’ 1.6 GHz Intel Core i5, 8GB 1600 
MHz DDR3 
1 Tablet Asus Transformer Pad TF700T Wi-Fi - 32GB HDD 
1GB RAM NVIDIA R Tegra R 3 quad-core 1.2 GHz 
Software  Type  Version  
Android Operative System  4.2.1 Jelly Bean 
Mac OS X Operative System OS X 10.11.6 (15G31) 
MATLAB Mathematical computing 
software 
2017a 
Android Studio Integrated development 
environment 
2.3.0 
OpenCV Library 3.1.0 
JavaCV Library 1.3.2 
iText PDF Library 5.5.1 
Microsoft Excel Spreadsheet application 13.34 
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or C++, being chosen when the objective is to perform with ease and simplicity, image processing 
(Gonzalez et al.,2004; Gonzalez and Woods, 2002). 
 
 Open Source Computer Vision Library (OpenCV) 
Created initially by Intel Corporation in 1999, OpenCV is an open source computer vision and 
machine learning software library with more than 2500 optimised algorithms, offering a shared in-
frastructure for computer vision applications, being available for Windows, Linux and Mac OS as well 
as Android and iOS (OpenCV, 2012).  
Although originally created to be implemented in C and C++, nowadays, this Library has inter-
faces (“wrappers”) for Phyton and Java and is free for research use (OpenCV, 2012).  
Although, MATLAB represents an easy and intuitive platform to perform image processing, 
OpenCV libraries are preferred when the aim is to create mobile applications since it increases ease 
of code conversion to Android java applications, magnifies the efficiency of it and reduces the time 
and complexity of running it on mobile platforms (Varma et al.,2016).  
 
 Java Computer Vision Library (JavaCV) 
JavaCV is a wrapper for OpenCV for the language Java, despite all of the actual computations 
being performed at a native level (C/ C++). The JavaCV library links the compiled functions, provid-
ing an interface to implementations using Java, being able to ultimately being incorporated in An-
droid mobile applications, namely:  
o Android (Android)- Contains the classes that allow the conversion of OpenCV’s variables 
Mat and Bitmap to the format used in Android. 
o Camera Calibration and 3D Reconstruction (Calib3d) - Include the classes related to the 
calibration of the camera and 3D reconstruction. 
o Core (Core)- Comprises basic OpenCV functionalities like Mat and Point. 
o 2D features (Feature2d): This module contains methods of extractors of keypoint de-
scriptors represented as vectors in a multidimensional space. 
o Machine Learning (ml)- The Machine Learning module is a set of classes and utilities for 
statistical classification, regression and clustering of information. 
o Utilities (utils)- This module contains convertors for several types of variables and struc-
tures. 
o Object detection (objectdetect) – Contain methods like the Haar Feature-based Cascade 
Classifier for object detection.   
o Image processing (Imgcodecs and Imgproc)- The image filtering module allows geometric 
image transformations, image filtering and feature detection, histogram calculation and 
image writing. 
o Vídeo (video and videoio): The methods present in this Class, permit video capturing 
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iText is an open source software developer toolkit that allows the incorporation of the PDF 
(Portable Document Format) functionalities in mobile applications, processes or products. (iText, 
2000). The PDF format is widely used since it is effortlessly electronically exchanged and viewed 
and it is independent of software, hardware and operating system (Adobe, 1991).  
 
3.2 - Data collection protocol 
 
The image collection for the testing dataset was performed in the Diabetic Foot Clinic at Centro 
Hospitalar do Porto, after the Ethical Committee approval of the project (Appendix A). Following 
the normal procedures leading to the consultation, when a participant entered in the examination 
room, was suggested that he/she sited on the gurney, in order to elevate the oedematous extremi-
ties and off-load pressure points.  
After, the dressings were removed by healthcare professionals (Figure 3.1 a)) and the wounded 
extremity was washed (Figure 3.1 b)). Next, the debridement of necrotic tissue, foreign bodies or 
devitalised tissue that act as a physical barrier to diffusion and the healing process, was performed. 
During these steps, the subject was informed about the purpose of the present study and asked if 
wanted to participate, if agreed, the term of agreement (Appendix B) was read and signed and then 
the questionnaire (Appendix C) was completed according to the date of realisation of the study, 
gender (male or female), age (in years), type of diabetes (type I, type II), type of diabetic foot ul-
cer (neuropathic, neuroischemic or ischemic), realisation of haemodialysis and the location of the 
lesion.  
For the images collection, the camera was placed, perpendicular to the floor at one meter dis-
tance from the patient’s foot and inclined according to the morphology of the site of the lesion, 
with a 90º angle to it, as shown in Figure 3.1 c), and a white disposable square adhesive marker 
(Figure 3.2 a) and b)) was included in the image, near the wound, as a calibration marker. Two im-
ages per diabetic foot ulcer were collected in order to assure the image processing of that ulcer 
despite one of the images being not focused, with bad illumination or shadows, etc.  
After the collection, the image was then uploaded to a PC and its processing was performed in 
MATLAB (Figure 3.1 d)). 
Figure 3.1 - Data collection protocol a) Wound exposure b) Washing of the wounded extremity c) Image cap-
ture of the ulcer d) Upload of the images to a PC where its processing was performed using MATLAB.  Based on 
(Rennert et al., 2009).  
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3.3 - Marker  
During the image collection, two types of disposable markers were tested for wound area meas-
urement purposes: 
 2D white square marker with length and width of 2.5 cm; 
 3D white square marker with length and width of 1.0 cm and height of 0.5 cm; 
 
Figure 3.2 – Calibration markers a) 2D square marker (2.5 x 2.5 cm2) b) 3D square marker (1.0 x 1.0 x 0.5 cm2). 
3.4 - Unsuccessful image processing techniques  
 
During the research for this project, various techniques were implemented, however, not all of 
them worked for the aim of the study, not providing the most satisfactory results during image 
processing and wound and marker segmentation. From the referred list of methods, per phase, 
these are:  
 Pre-processing  
 
- Gaussian filter 
Gaussian filters are used in order to promote noise reduction, for that reason, during the pre-
processing phase, it was tested the implementation of this filter using MATLAB’s function fspecial 
with 'gaussian' as filter type, matrix size of 1/10 of the image size and a standard deviation of 1 
(Gonzalez et al., 2004; Gonzalez and Woods, 2002).  
- Bottom hat and Top hat filtering 
The top-hat transform consists of the difference between the input image and its opening (i.e. 
the foreground pixels of an image that fit a certain structuring element). The bottom-hat transform 
is the difference between a closing operation (i.e. the group of background pixels of an image that 
fit a specific structuring element) of the original image and itself (Gonzalez et al., 2004; Gonzalez 
and Woods, 2002). For this reason, the Bottom hat and Top hat operations were used in order to 
enhance image contrast using a structuring element of 1/10 of the size of the image with the shape 
‘disk’ via MATLAB’s function imbothat (Mathworks, 1984). Then, the original image was added to 
the top-hat filtered image, and to the result was subtracted the bottom-hat filtered image.  
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The contribution of the pre-processing tested techniques was further ascertain by calculating 
the Signal to Noise Ratio (SNR) in decibels of each output image individually according to equation 
3.1 (Mathworks, 1984): 
             
       
       
 ,      (3.1) 
where the   represents the average of the image values, i.e. the signal and the   is the standard 
deviation of the image values, i.e. the noise. 
 
 Ulcer and marker segmentation and tissue classification 
 
- Canny edge detector 
Canny edge detector finds edges by searching for local maxima of the gradient. To achieve this, 
first it is applied a Gaussian filter to reduce noise and then the local gradient and edge direction are 
computed for every pixel of the image. Based on the gradient’s peaks and where the derivative of 
the gradient function is zero, a non-Maximum suppression is performed. After, two thresholds 
(minimum and maximum) are used to detect weak and strong edges. The edges whose value is 
higher than the maximum threshold are considered strong real edges while the edges below the 
minimum threshold are only considered edges if they are 8-connected to strong edges (Gonzalez et 
al., 2004; Gonzalez and Woods, 2002).  
During the wound and marker segmentation process a Canny edge detector was implemented 
through MATLAB’s function edge () to the image resultant from the histogram equalisation and me-
dian filtering.  
- Circle Hough transform (CHT) 
A circle with radius R and centre (a, b) can be defined by the following two parametric equa-
tions (3.2 and 3.3): 
 
x = a + R cos(θ)             (3.2) 
y = b + R sin(θ).      (3.3) 
 
When the angle θ reaches the full 360 degrees, visiting all of the range of points (x, y), the cir-
cle border is traced and the a and b are found. For this methodology, the CHT was applied, based 
on the approach created by Young (Young, 2016) where a neighbourhood-suppression method of 
peak finding is applied to ensure that the circles found are spatially apart. The input of this method 
was set to be the smoothed binary image of the bi-dimensional output of the pre-processing step 
(with application of a Gaussian filter followed by the Canny edge detector). The number of peaks to 
find was set to be 1 (i.e., one ulcer per image to be detected), the radii of the circle to be identi-
fied was set by a vector in which the possible radii values were set to be between 20 and 600 and 
the Hough score threshold was defined as being equal to the multiplication by 0.5 of the maximum 
value in the accumulator array that contains the number of votes for the circle centred at (a, b).  
- Gabor filtering  
Another approach tested was the segmentation based on texture, which involves measurements 
in the spatial and the spatial-frequency domains. The Gabor filter(s) is a linear filter applied for 
tasks such as edge detection, having optimal joint localisation, or resolution, in both the spatial and 
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the spatial-frequency domains (Daugman, 1985). For this methodology, Gabor filtering was imple-
mented based on the approach created by Jain and Farrokhnia (Jain and Farrokhnia, 1991) to per-
form texture segmentation, where an array of Gabor Filters with different frequencies and orienta-
tions was designed with the aim of identifying different frequency and orientation information in 
the input image (resultant from the pre-processing phase of the final methodology). For this, the 
samples orientations were defined to be between 0 and 150 degrees, incrementing in steps of 30 
degrees. The minimum sample wavelength was set to be 4/  , up to the hypotenuse length of the 
input image. 
The Gabor magnitude or Gabor Energy features (resultant from the application of different Ga-
bor filters) were extracted from the input image and post processed with a Gaussian filter (with the 
quantity of smoothing applied to the Gabor magnitude responses being controlled by a smoothing 
term) in order to compensate for local variations. A map of spatial location information in both X 
and Y was further added, in order to allow the classifier to prefer sets of data spatially closer from 
one another. Finally, the features were normalised to be zero mean, unit variance (Mathworks, 
1984). 
- Watershed  
The watershed transform finds "catchment basins" or "watershed ridge lines" present in an image 
by defining it as a topological surface where the values of each pixel are considered heights, and 
assuming that light pixels characterise high elevations and dark pixels signify low elevations.  
The watershed was implemented (via watershed () function) in conjugation with the distance 
transform which represents the distance from every pixel to the nearest non-zero pixel imple-
mented using bwdist (). This technique was tested for this project during ulcer segmentation and 
tissue classification phases.  
- Region growing  
Region growing is a clustering technique that performs image segmentation starting from initial 
seed points and growing its region based on properties (specific ranges of pixel brightness or colour) 
shared between the neighbour pixels and the seed(s), being the difference defined by a threshold 
(Gonzalez et al., 2004; Gonzalez and Woods, 2002). 
This method was implemented by using as input parameters the greyscale image resultant from 
the documented pre-processing, a set of 6 seed points selected manually by clicking the mouse and 
a threshold of the maximum intensity distance which was set to be 0.3. 
- Active contour (Snakes) 
A snake is a deformable curve that evolves from an initial position towards the contour of the 
object in an energy minimisation process of the functional energy, which is a weighted sum of the 
internal and the external energies (Kass et al., 1988). 
This type of active contour was implemented using the pre-processed image, a list of coordi-
nates as seed points, chosen via click in the mouse by the user and a set of variables to control the 
snake’s contour evolution from the initial points to the wound segmentation. This method was set 
to have 200 iterations and use an alpha value of 0.2 and a beta value of 0.6. 
- Active contour ('Chan-Vese' method) 
Contour based on the 'Chan-Vese' method is a special case of Mumford- Shah functional and, be-
ing of the same class as snakes, it also implements image segmentation based on an energy minimi-
sation process. However, it differentiates from the other in the aspect that it is not edge depend-
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ent, being extremely useful when the aim is to segment objects whose boundaries are not defined 
by a gradient (Jadav et al., 2013).  
When a methodology for ulcer segmentation was being designed, this method was implemented 
using as input a mask automatically created by some clicks on the mouse by the user with a number 
of iteration of 200 and using the function activecontour () with the type of active contour 'Chan-
Vese'. 
- Fuzzy-c-means 
Fuzzy-c-means is a clustering technique that classifies the image by categorising analogous data 
points into clusters, which is achieved by iteratively minimising a cost function that is dependent on 
the distance of the pixels to the cluster centres in the feature domain. 
This function cost is minimised when are given high membership values (probability that a pixel 
belongs to a certain cluster) to the pixels closer to the centroid of their clusters, and pixels whose 
data in more distant to the centroid are assigned low membership. The algorithm stops when the 
number of iterations is reached or when no changes in the membership function or in the cluster(s) 
centre(s) are noticed between two consecutive iterations. This method was implemented for this 
study with a maximum number of iterations of 100 and a number of centres equal to 4 in order to 
perform ulcer and marker segmentation as well as to characterise the tissues within the wound bed.  
 
3.5 - Image processing methodology in MATLAB 
 
Relatively to the first aim of this project, a methodology was created using MATLAB whose main 
phases can be divided in: 
 
 Image acquisition; 
 Image pre-processing; 
 Ulcer and marker segmentation; 
 Shape recognition; 
 Ulcer area calculation; 
 Tissue classification. 
 
These main phases of the methodology include several operations (Figure 3.3) that led to the 
most accurate results:  
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Figure 3.3- Methodology for image processing using MATLAB.
3.5.1 - Pre-processing 
 
 Histogram equalisation 
Histogram equalisation is an intensity transformation that corresponds to the redistribution of 
grey levels in order to get a histogram as uniform as possible, maximising the image information. 
Each pixel is replaced by the integral of the image histogram in that pixel. The net result of this 
intensity-level equalisation process is an image with increased dynamic range, which will tend to 
have higher contrast (Gonzalez et al., 2004; Gonzalez and Woods, 2002). The implementation of 
this operation was achieved using MATLAB’s function histeq () (Mathworks, 1984).  
   
 Median filter 
The median filter is a nonlinear operation that replaces the value of a pixel by the median of 
the intensity values of its neighbourhood pixels (the original value of the pixel is included in the 
computation of the median).  
These types of filters are good at eliminating some types of random noise, as the "salt and pep-
per" noise, with considerably less blurring than linear smoothing filters of similar size, thus preserv-
ing edge information (Gonzalez et al., 2004; Gonzalez and Woods, 2002). 
For the referred methodology, it was applied a median filter with a structured element of 1/10 
of the image size through the function medfilt2() (Mathworks, 1984). 
3.5.2 - Ulcer segmentation 
 
 Flood fill 
Pre-processing Ulcer and marker segmentation Ulcer area calculation and Tissue classification 
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To segment the ulcer in the foot, a flood-fill algorithm was designed where the intensity of the 
pixel chosen via click in the mouse by the user within the greyscale image resultant from the pre-
processing phase, was the starting point to an iterative scan line search on the surrounding pixels 
with an empirical tolerance of 35 (Gonzalez et al., 2004). The pixels considered part of the seg-
mented object (ulcer and marker) are coloured in pink and the algorithm stops when there are no 
more pixels within the same range of brightness of the starting pixel.  
 
 Filling holes 
Chronic ulcers are characterised by their tissue heterogeneity, which signifies that the same ul-
cer can have several different tissue types with different colours. Therefore, to guarantee that all 
the pixels within the boundaries of the obtained ulcers and markers are considered as belonging to 
them, an operation of filling with the option “holes” using MATLAB’s imfill (image, “holes”) (Math-
works, 1984) was performed on the flood fill’s resultant binary image containing both the marker 
and the ulcer.   
3.5.3 - Shape recognition and ulcer area calculation 
 
After the hole filling operation, was obtained a binary image with the marker and the ulcer 
segmented. To perform ulcer’s area calculation, the objects of the binary image were labelled using 
MATLAB’s bwlabel () (Mathworks, 1984) from which were obtained both the pixel’s list and the 
number of objects. Then, properties as “Area” in pixels, “Extent”, “Centroid”, “Perimeter”, 
“Equivalent diameter”, “Major axis length”, “Minor axis length” and “Eccentricity” of both objects 
were obtained via regionprops () (Mathworks, 1984). 
To calculate the ulcer area in cm2, it was mandatory that first, the two objects in the binary 
image were automatically identified as “ulcer” or “marker”. This shape recognition was performed 
via two observed conditions:  
 Chronic wounds (Diabetic foot ulcers) are mostly circular and the marker used is a square.  
 Circular shapes have higher circularity (Equation 3.4) and eccentricity (given by region-
props) or higher circularity and lower eccentricity than square shapes.  
 
            
              
          
 ,     (3.4) 
 
where   is a mathematical constant ( =3.14159). 
Ulcer’s real area calculation in the bibliography is generally performed by using known distances 
from the camera to the lesion (Varma et al., 2016). However, since with the daily use of the mobile 
application and the variation of user, would be of great difficulty predict the distance or maintain 
it, for this project a calibration marker was designed and implemented during the image collection. 
This adhesive marker allowed the calculation of the area in cm2 of the segmented lesion by multi-
plying the number of pixels within the ulcer (given by regionprops() ) by the real area of the marker 
(which is 6.25cm2 or 1cm2), divided by the total number of pixels of the marker (given by region-
props() ) according to the Equation 3.5.  
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   (3.5) 
3.5.4 - Tissue classification  
 
The final goal of the methodology was to classify wound tissue, which was performed on the ba-
sis of the Red-Yellow-Black (RYB) wound colour classification by Hellgren and Vincent (Hellgren and 
Vincent, 1986) mentioned in Chapter 2 section 2.2.1 Visual characterisation of wounds, as well as 
the knowledge transmitted by the healthcare professionals at Centro Hospitalar do Porto.  
After intersecting the original image with the image resultant from the shape recognition step, 
an image with RGB values on the pixels of the ulcer and black background was obtained.  
Tissue classification based on colour was achieved by thresholding the range of pixels within the 
ulcer image based on their R, G an B histograms: 
 Red tissue was classified by two thresholds: one for the healthy granulating tissue which is 
represented by light red pixels and one for the dark red pixels which characterise unhealthy 
granulating tissue. All the threshold values used were obtained empirically. The dark pixels 
were classified by thresholding the red channel to have values between 40 and 90 and al-
lowing the blue and green channels to have values equal or lower than 50. The light pixels 
were obtained by thresholding the red channel to values equal or higher than 90 and the 
green and blue channels were thresholded to values equal or lower than 50.  
 For the classification of the black tissues, all of the 3 RGB channels of the image were 
thresholded to values equal or lower than 40.  
 In order to obtain the pixels relative to white/yellow tissues, the implemented thresholds 
suppressed values equal or lower than 90 for the red and green channels and equal or higher 
than 70 for the blue channel.  
 
With the characterisation algorithm created were obtained 4 images corresponding to each tis-
sue type and their percentages (by dividing the number of each tissue’s pixels by the total number 
of pixels of the wound). 
3.6 - Android mobile application  
 
The final objective of this project is to create an easy, simple, fast and efficient Android appli-
cation capable of: 
 
1. Capturing images of chronic ulcers using the device’s camera and access to images in 
the internal memory of the device;  
2. Perform wound characterisation based on its area and tissue colour and provide impor-
tant information of the ulcer characterisation into a PDF report. 
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In order to perform these tasks, the mobile application needs to satisfy some essential func-
tional and non-functional requirements, however, their fulfilment has costs and risks as shown in 
Table 3.3. 
 
Table 3.3- Mobile application requirements. 
3.6.1 - External libraries incorporation 
The incorporation of the OpenCV with a “wrapper” (JavaCV) and the iText library in the Android 
Studio was a fundamental step of this project in order to allow image processing and documentation 
with ease. This was achieved by adding the OpenCV library as a module dependency to the applica-
tion after downloaded from the OpenCV’s official web page (http://www.opencv.org/) with the 
minimum SDK version being set to be 8 and the target SDK and API versions were set to be 23 and 
Android 6.0 (Marshmallow), respectively.  
The iText was added as a .jar dependency of the project in the “Project structure” section of 
the Android Studio. 
For it to be possible to access the camera of the device, store, access and write images and save 
the PDF report file in the device’s memory, three permissions were added in the Extensible Markup 





 Requirements Priority Cost  Risk  
Functional 
requirements 
The application must take a picture and store it se-
quentially in both the camera roll and in an independ-
ent directory. 
High  High Low  
The system must calculate and display the ulcer’s area 
in cm2 and inches2. 
High  Low  Low  
The application must perform tissue colour classifica-
tion (RGB). 
High  High Low  
The application must generate a dataset of the char-
acterisation of the wound. 
High  High  Average 
Non-functional  
requirements 
The application must run in all android tablets with 
back camera. 
High  Average Low  
The application must run in all android tablets with 
minimum API of 15. 
High  Average Average 
The application must run in all android tablets with 
OpenCV installed. 
High  Average Average   
The application must not take more than 120 seconds 
to display the results. 
High  High High/Ave
rage 
The application must have a simple, easy and un-
equivocal use. 
High  Average Low  
The system must store at least 1000 images without 
replacing themselves. 
Average High Average  
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3.6.2 - Graphic interface  
 
During the design of the graphic interfaces, the simplicity and ease of use of the mobile applica-
tion were preferred in order for it to be practical during its implementation in clinical environment. 
Therefore, the main activity of the application i.e., the activity that first is presented to the user 
was chosen to be a menu where the user selects the origin of the image containing the ulcer to be 
characterised: the gallery application or the device’s camera (Figure 3.4). 
The mobile application default language is set to be Portuguese however, all the activities give 
the user the option of clicking on the button at the end of every screen to instantly translate the 
text in the screen to English. In the translated activity, the same button will appear with the Portu-
gal’s flag which allows the return to the default language. 
Figure 3.4- Preview of the main activity of the mobile application. 
 
If the user selects the option of picking an already existent image to process, the mobile appli-
cation shows the directories from which the user can choose the image. After selected, the image is 
displayed and the user approval to start the characterisation is required (see Figure 3.6). 
Otherwise, the camera view opens with a 1280 x 960 frame (dimensions that provide the perfect 
equilibrium between the quality of the captured image and its size in memory), shown in Figure 3.5, 
with a button to capture the image.  
Though the remaining activities can be seen and operated in both “Portrait” and “Landscape” 
modes, the camera activity can only perform correctly in “Landscape” mode due to the incorpora-
tion of OpenCV (which causes changes in the orientation of the camera view). 
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Figure 3.5- Live feed activity. 
 
After collecting an image, a third activity is shown (Figure 3.6) where the user can preview the 
image and determine if wants to proceed to the characterisation and/or return to the previous ac-
tivity (to capture or to re-select another image).  
When the button “Caracterizar” is pressed, another activity starts and the image is stored (if 
captured in real time) and pre-processed.  
In this activity, the user should also specify the real area (in cm2 for the Portuguese users or in 
inches2 for the foreign English speaking users) of the square marker incorporated during image col-
lection. 
Figure 3.6- Preview of the confirmation. 
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Wound segmentation starts with two transitory input activities that were created in order for 
the user to choose a seed pixel for both the ulcer (Figure 3.7 a)) and the marker (Figure 3.7 b)) to 
start the characterisation. 
Figure 3.7- Touch interface of seed point selection a) ulcer b) marker. 
 
The wound’s segmentation result and the outputs of the ulcer characterisation (area in cm2 and 
in inches2, and dark red, light red, black and white/yellow tissues percentages) are displayed in the 
screen according to Figure 3.8.  
The home button in the upper right corner of this screen can be pressed to return to the home 
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Figure 3.8- Preview of the result of the wound characterisation. 
 
The PDF report of the resultant ulcer classification is then stored in a directory with a serial 
numeric name. In this report, it can be consulted the date and time of the characterisation, the 
properties already displayed in the mobile application as a result of the ulcer characterisation (ul-
cer area in cm2 and inches2, percentage of healthy and unhealthy granulating tissues, white/yellow 
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Figure 3.9- Structure of the PDF report with the result of the wound characterisation. 
3.6.3 - Android mobile application overview  
 
The developed mobile application was designed as shown in Figure 3.10.  
First, the source of the image to be processed is selected: device’s internal memory or camera. 
If the first option is selected, the directories in the device’s internal memory are listed and an al-
ready existent image is chosen from there (JPEG, JPG or PNG formats). 
If the second option is preferred, an image is collected from the device’s own camera.  
Then, if the user decides to proceed to characterisation, the image is stored (only if captured by 
the camera) in the camera roll and in a directory named “Pé diabético” in the internal storage of 
the device with a PNG format and a unique numeric name for future reference of the state of the 
lesion otherwise, the user returns to the menu of selection of the image origin.  
Next, the pre-processing of the collected image is performed and then, the user is invited to 
choose two seed points for the flood fill algorithm in order to start the ulcer and marker segmenta-
tion phase.  
After isolating the ulcer in the image, the area of the lesion is calculated and its tissue composi-
tion is characterised based on its colour by means of a RGB histogram thresholding methodology.  
Finally, the results of the ulcer characterisation are displayed on the device’s screen and a PDF 
report with the results achieved is stored in a directory within the one previously created in the 
device’s internal storage for future reference of the characterisation.  
If no more characterisations are to be performed, the android application can be closed, other-
wise, the user can return to the starting menu.  
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Figure 3.10- Mobile application design using Android Studio. 
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3.6.4 - Pre-processing 
 
After captured, the image is compressed to the PNG format with a compression factor of 80 
(factor that provided the best balance between quality and storage space) and converted to Mat to 
allow its processing.  
Then the colour space of the original image was changed from BGRA (OpenCV predefined colour 
space) to RGB and from RGB to GRAY using the OpenCV class Imgproc and the pre-built function 
cvtColor which has three parameters: the source image, the destiny image and a colour code which 
for the first conversion was Imgproc.COLOR_BGRA2RGB and for the second conversion was used 
Imgproc.COLOR_RGB2GRAY.  
To the greyscale image was then applied a histogram equalisation using OpenCV’s function 
equalizeHist of the Imgproc library and a median filter using a kernel with 1/10 of the image size by 
means of the medianBlur method present in the same library which has as parameters the source 
image, the destiny image and the size of the structuring element to perform the filtering. 
3.6.5 - Segmentation 
 
For the ulcer and marker segmentation, was implemented a flood fill algorithm via the 
OpenCV’s pre-built method floodFill from the class Imgproc. This function has 8 parameters: 
 
 An input image which was the resultant greyscale image of the histogram equalisation and 
the median filtering operations; 
 An output image that consisted of a one-channel image filled with zeros with the same 
length of the original image plus 2 and width equals to the original image’s width plus 2 
(condition obligatory in OpenCV for this function for computation purposes) created using 
the function zeros of the class Mat;  
 A seed point whose coordinates were given by the user via a click in the screen of the port-
able device in which the mobile application is running;  
 The colour to which the flood filled pixels appear in the output image (was chosen white); 
 A rectangle from which the search is performed according to the connectivity.  
 The lower and upper parameters for tolerance purposes which was set to be 40 for both 
thresholds. 
 Flags consisting of the pixels connectivity used to perform the operation being set to 8-
connectivity. 
 
This algorithm was applied to both the marker and the ulcer being obtained two binary images 
of the segmentation of both. After, to eliminate black pixels within the boundaries of each object, 
a morphological operation of closing (a dilation followed by an erosion with the same structuring 
element) was performed in both images with a kernel of 1/10 of the size of the input image, cre-
ated using the function getStructuringElement of the Imgproc class with the parameters: kernel 
shape (was selected an elliptical shape using Imgproc.MORPH_ELLIPSE method) and the kernel size. 
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The closing operation was implemented through the morphologyEx method of the Imgproc library 
using each binary image as input, selecting the type of operation to closing via 
Imgproc.MORPH_CLOSE and the kernel created. 
3.6.6 - Ulcer area calculation 
 
The shape recognition was not necessary in the methodology implemented in the Android appli-
cation since the area in pixels of each object (ulcer and marker) was obtained using a method of the 
Core class named countNonZero which devolves the number of pixels different from zero. Then, to 
calculate the ulcer’s real area in cm2 the same formulae from the MATLAB’s methodology was ap-
plied (Equation 3.5) where the real area of the marker was multiplied by the number of pixels of 
the ulcer and then divided by the number of pixels of the marker. For the mobile application, an 
additional measurement unity to describe wound area was added: inches2, which was obtained by 
multiplying the obtained cm2 area by a conversion factor of 0.155, since 1 cm2 = 0.155 in2 (Whitaker, 
2000).  
3.6.7 - Tissue classification  
 
To perform tissue colour classification was created a RGB image through the intersection of the 
flood fill’s result with the original image.  
Wound tissue classification was achieved based on the Red-Yellow-Black (RYB) wound colour 
classification by Hellgren and Vincent (Hellgren and Vincent, 1986) mentioned in Chapter 2 section 
2.2.1 Visual characterisation of wounds and the knowledge transmitted by the healthcare profes-
sionals at the Diabetic Foot Clinic.  
Therefore, a histogram thresholding methodology was implemented using the inRange (in-
put_image, low_threshold, high_threshold, output_image) method from the Core class with the 
criteria: 
 
 Similar to the MATLAB methodology, in the mobile application, red tissue was classified us-
ing two thresholds (clinically, light red tissue is associated with healthy granulating tissue 
and dark red tissue exemplifies unhealthy granulating tissue). Again, all the threshold values 
used were obtained empirically. Therefore, the dark red pixels were assessed by threshold-
ing the red channel to have values between 45 and 95 and the green and blue channels were 
selected to have values equal or lower than 55. Healthy granulating tissue was obtained by 
thresholding the red channel to have values equal or higher than 95 while the blue and 
green channels were limited to have lower or equal values than 55.  
 To segment the black tissues were considered pixels values equal and/or bigger than 10 for 
the 3 channels of the image and pixels equal and/or smaller than 45 for the R, the G and 
the B channels; 
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 White/yellow tissue was obtained by considering pixels with RGB pixel values equal or 
higher than 95 and equal or lower than 255 for the red and blue channels and for the green 
one minimal and maximal values of 75 and 255, respectively. 
 
The percentage of each tissue was obtained by multiplying per 100 the division of the number of 
pixels of each tissue type in each image resultant from the tissue classification step by the total 
number of pixels of the ulcer area (both given by Core’s method countNonZero).  
The characterisation is compiled into a PDF file by means of incorporation of the iText Library 
as a dependency in Android Studio and it is stored. 
3.7 - Assessment evaluation 
 
The clinical evaluation of the MATLAB methodology’s and the mobile application’s ulcer charac-
terisation results and the testing of the mobile application, was performed by 7 healthcare profes-
sionals (5 physicians and 2 podiatrists), who were asked to characterise the chronic ulcers of the 
dataset and to capture and analyse other 15 ulcers in real time with the prototype designed. The 
Android application’s evaluation was performed according to the questionnaire in Appendix F, 
where five global questions about the mobile application performance were asked to the profes-
sionals with possible scores between 1 and 5 (being 1 the worst score and 5 the best score): 
 
1. How do you evaluate the provided ulcer area? 
2. How do you evaluate the provided ulcer tissue characterisation? 
3. The mobile application is applicable in clinical environment? 
4. The mobile application usage is simple, easy and unequivocal?  
5. Global score? 
 
The professionals were also asked which method, in their judgement, performed ulcer segmen-
tation and tissue classification with more accuracy: the MATLAB methodology or the Android mobile 
application. 
 
The resemblance of the results obtained with both methodologies was further ascertained by 
correlating their outcomes using Pearson correlation, using Microsoft Excel, and by correlating them 








































































4.     
At this chapter, the main results of this study are presented. Initially, the characterisation of 
three different diabetic foot ulcers is shown in the respective subsections (pre-processing, ulcer 
segmentation and tissue classification) as well as ulcer area calculations and tissue percentages 
from both the image processing methodology in MATLAB and the mobile application. 
Then, the obtained results and the mobile application’s performance evaluation are accom-
plished according to the opinion of 7 healthcare professionals from the Diabetic Foot Clinic at Cen-
tro Hospitalar do Porto. This opinion is based on their quantitative assessment of the ulcers which it 
is the most common approach of wound characterisation being used as a ground truth for this study.  
4.1 - Marker segmentation 
For wound calculation purposes, a calibration marker was designed and implemented during im-
age collection. To allow the wound collection with simplicity and ease and eliminate the obligation 
of a second person holding the marker next to the wound during the collection as most seen in other 
researches, were designed two white square adhesive markers: 3-dimensional (1 cm length, 1 cm 
width and 0.5 cm thick) and 2-dimentional (2.5 cm length by 2.5 cm width). During the testing of 
the created methodologies was found that 2.5% of the markers (5 out of 200) were not correctly 
segmented presenting an area error of more than 0.1 cm2. 
The area returned from the segmentation of the maker present in the Figure 4.1 resulted in an 
0.35 cm2 error relatively to its real area.  
 
 




Figure 4.1- Unsuccessful 2D marker segmentation a) Original image b) Result of the flood fill c) Erroneous 
marker segmentation. 
 
The maker segmentation of Figure 4.2 returned, for the biggest object representing the marker, 
an 0.15cm2 error relatively to its real area. 
 
Figure 4.2- Unsuccessful 3D marker segmentation a) Original image b) Result of the flood fill c) Four labels 
detected during shape recognition instead of two. 
 
With the segmentation of the makers in the Figure 4.3 was obtained, for the Figure 4.3 a) a de-
viation of 0.20 cm2 relatively to the marker’s real area whereas for both the Figure 4.3 b) and the 
Figure 4.3 c) was found an error of 0.15 cm2.   
 
Figure 4.3- Marker a) Marker not totally adherent to the skin b) Marker appears bended c) Marker shape modi-
fication due to the capture angle of the image. 
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4.2 - Unsuccessful image processing techniques  
 
During this research project, in order to obtain the image processing techniques that provided 
the most satisfactory results, several methods were tested to pre-process the images as shown in 
Figure 4.4. 
 
Figure 4.4- Techniques tested for image pre-processing a) Original image b) Gaussian filtering c) Bottom-hat 
and Top-hat operations. 
 
The SNR calculations performed to ascertain the contribution of the tested pre-processing op-
erations revealed for the Figure 4.4. a) left, a value of 13.02 dB. The resulting image of the de-
signed pre-processing methodology returned a value of 13.15 dB. The application of the gaussian 
filtering resulted in a SNR of 12.05 dB, whereas for the resulting image of the Bottom-hat and Top-
hat operations was obtained a SNR of 10.68 dB. 
Relatively to the Figure 4.4 a) centre, the calculations returned, for this image, a SNR value of 
15.40 dB. The output image of the designed pre-processing methodology presented a SNR of 15.49 
dB however, the application of the gaussian filtering resulted in a SNR ratio of 12.25 dB and for the 
resulting image of the Bottom-hat and Top-hat operation was achieved a SNR of 10.58 dB. 
Lastly, for the Figure 4.4 a) right, a value of 16.20 dB was returned. The output image of the 
implementation of the histogram equalisation and the median filtering achieved a SNR of 16.26 dB. 
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The image resultant from the gaussian filtering returned 11.23 dB for the SNR calculations, while for 
the resulting image of the Bottom-hat and Top-hat operations was achieved a SNR of 10.70 dB. 
Furthermore, after designing the pre-processing methodology to be followed, several segmenta-
tion strategies were applied to the image in order to perform wound and marker segmentation and 
tissue classification, illustrated by Figure 4.5 and Figure 4.6.  
 
 
Figure 4.5- Techniques tested for wound and maker segmentation whose results were not satisfactory a) Canny 














Figure 4.6- Techniques tested for wound and maker segmentation whose results were not satisfactory a) Wa-
tershed algorithm b) Region Growing algorithm c) Active contour with snakes d) Active contour ('Chan-Vese' 










e) e) e) 
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4.3 - Image processing methodology in MATLAB 
4.3.1 - Pre-processing  
 
In order to fully evaluate the performance results of both the MATLAB and the mobile applica-
tion methodologies, three images representative of the main tissue compositions in diabetic ulcers 
(mostly with red tissue, combination of red and black tissues and combination of red and 
white/yellow tissues) were selected from all of the collected images.    
According to the Figure 4.7, representative of ulcers with combination of red and white/yellow 
tissues, i.e. ulcers with both granulating tissue and devitalised tissue, infection (pus) or with a visi-
ble anatomic structure (bone, tendon), one can see the results of the median filter and the histo-
gram equalisation operations compared to the original image. 
Figure 4.7- Pre-processing using MATLAB of the ulcer with white/yellow tissue a) Original image b) Histogram 
equalisation c) Median filtering. 
 
Likewise, the Figure 4.8 shows the results of the designed pre-processing methodology applied 
to the ulcer with combination of red and black pixels representative of ulcers with granulating and 
necrotic tissues. 
Figure 4.8- Pre-processing using MATLAB of the ulcer with necrotic tissue a) Original image b) Histogram 
equalisation c) Median filtering. 
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At the final study case, is shown the ulcer with mostly red pixels, i.e. a predominantly granulat-
ing ulcer, present in Figure 4.9 a), the resultant image of the histogram equalisation operation (Fig-
ure 4.9 b)) and the result of the application of the median filtering (Figure 4.9 c)). 
Figure 4.9- Pre-processing using MATLAB of the ulcer with mostly granulating tissue a) Original image b) Histo-
gram equalisation c) Median filtering. 
4.3.2 - Ulcer segmentation  
 Successful cases  
The tolerance for the flood fill algorithm was empirically set to be 35 for the image processing 
methodology in MATLAB and 40 for the Android application. In Figure 4.10 is represented the proc-
ess of selecting the algorithm’s search tolerance for the image processing methodology in MATLAB, 
in order to achieve a satisfactory ulcer segmentation. The same process was elaborated in order to 
select the tolerance that led to the achievement of the most acceptable results for the Android 
application. 
Figure 4.10- Segmentation process of the ulcer with white/yellow tissue using MATLAB a) Result of the imple-
mentation of the flood fill algorithm with a tolerance of 30 b) Result of the implementation of the flood fill 
algorithm with a tolerance of 35 c) Result of the implementation of the flood fill algorithm with a tolerance of 
40. 
Since the flood fill method is colour based, to guarantee better results for ulcers with great tis-
sue heterogeneity, a hole filling operation was performed.  
In the Figure 4.11 a) the raw result of the flood fill is shown, followed by the results of the hole 
filling operation (Figure 4.11 b)) and the final ulcer segmentation result in Figure 4.11 c) obtained 
from the intersection of the original image with the flood fill’s binary output. 
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Figure 4.11- Segmentation process of the ulcer with white/yellow tissue using MATLAB a) Result of the imple-
mentation of the flood fill algorithm b) Binary image resultant of the filling holes and object labelling opera-
tions c) Final segmentation result. 
 
The segmentation of ulcers with necrotic composition was also achieved with great efficacy as 
shown in Figure 4.12. 
Figure 4.12- Segmentation process of the ulcer with necrotic tissue using MATLAB a) Result of the implementa-
tion of the flood fill algorithm b) Binary image resultant of the filling holes and object labelling operations c) 
Final segmentation result. 
 
In Figure 4.13 a), the result of the segmentation of the mostly granulating wound is shown as 
well as the outcomes of the hole filling operation (Figure 4.13 b)) and the final result of the full 
segmentation of the CW (Figure 4.13 c)).  
Figure 4.13- Segmentation process of ulcer with mostly granulating tissue using MATLAB a) Result of the im-
plementation of the flood fill algorithm b) Binary image resultant of the filling holes and object labelling op-
erations c) Final segmentation result. 
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 Unsuccessful cases  
 
Cases where the ulcers were not successfully segmented by the flood fill algorithm were also 
found, being registered a 3% of failure, i.e., 6 of the 200 images with ulcers that constitute the 
dataset. These ulcers are shown in Figure 4.14. 
 
 
Figure 4.14- Examples of ulcers that were not segmented by the flood fill. 
4.3.3 - Tissue classification 
 
Tissue classification was achieved through RGB histogram thresholding of the image obtained 
from the intersection of the flood fill result and the original image.  
The results of the thresholdings applied are next displayed for the ulcer with white/yellow tis-
sue. In the Figure 4.15 a) the representation of the tissue classified as necrotic is performed by the 
blue colour, the classification of the devitalised tissue or infection or visible anatomic structure is 
present in Figure 4.15 b) and granulating tissues (healthy and unhealthy) within the ulcer are shown 
both separately in Figure 4.15 c) and d), respectively. Finally, in the Figure 4.15 e), the combina-
tion of the ulcer segmentation image with the results of the tissue classification process is dis-
played.  
 
Figure 4.15- Tissue classification of the ulcer with white/yellow tissue using MATLAB a) Representation of the 
black pixels b) Representation of the white pixels c) Representation of the light red pixels d) Representation of 
the dark red pixels e) Tissue classification of wound. 
 
The tissue classification’s outcomes for the ulcer with granulating and necrotic tissues are pre-
sented in Figure 4.16 a) for the necrotic tissue, in the Figure 4.16 b) is shown the classification of 
the white/yellow tissue, the Figure 4.16 c) and d) represents the classification of healthy and un-
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healthy granulating tissue and the Figure 4.16 e) combines all of the tissue characterisations, re-
spectively. 
 
Figure 4.16- Tissue classification of the ulcer with necrotic tissue using MATLAB a) Representation of the black 
pixels b) Representation of the white pixels c) Representation of the light red pixels d) Representation of the 
dark red pixels e) Tissue classification of wound. 
 
For the ulcer with mostly granulating tissue, the returned necrotic tissue classification is shown 
in Figure 4.17 a), the white pixels representative of the white/yellow tissue classification are pre-
sented in Figure 4.17 b), in the Figures 4.17 c) and d) the classification of the light and dark red 
pixels within the ulcer boundaries are displayed and in the Figure 4.17 e) the global tissue classifi-
cation of the wound is presented. 
Figure 4.17- Tissue classification of the ulcer with mostly granulating tissue using MATLAB a) Representation of 
the black pixels b) Representation of the white pixels c) Representation of the light red pixels d) Representa-
tion of the dark red pixels e) Tissue classification of wound. 
 
Analysing the Table 4.1, where the characterisation outputs are organised according to features, 
the characterisation of the ulcer with white tissue revealed that it has the biggest area (6.1 cm2 or 
0.95 inches2) in comparison with the other two presented cases, for the ulcer manly composed by 
granulating tissue was obtained an area of 4.8 cm2 (0.74 inches2) and the ulcer with both granulat-
ing and necrotic tissues presented 0.57 cm2 or 0.09 inches2 of area. 
Likewise, the tissue characterisation returned, for the ulcer representative of lesions with 
mainly granulating tissue, 33.30% of dark granulation tissue and 54.90% of light granulation tissue 
and percentages lower than 1% for both necrotic and white/yellow tissues. Similarly, for the ulcers 
with combination of granulating and necrotic and granulating and white/yellow tissues, it was found 
that the first case was classified has having 81.40% of dark granulating tissue, while the second re-
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turned a percentage of 67.50% for the dark granulating tissue however, both presented 0% of 
healthy granulating tissue. Relatively to black tissue percentages, the ulcer with necrotic tissue 
returned the higher percentage of black pixels (8.60%) when compared with the ulcer with 
white/yellow tissue and the ulcer with granulating tissue (8.20% and 0.05%, respectively). From the 
three wounds, the one with lower percentage of white/yellow tissue is the ulcer with necrotic tis-
sue (0.00%), followed by the ulcer with manly granulating tissue (0.51%) and the ulcer with combi-
nation of granulating and white/yellow tissues (2.00%). 
 
Table 4.1- Results of the wound characterisation using MATLAB. 
 
4.4 - Android mobile application  
4.4.1 - Pre-processing  
 
Identical to the system of presenting the results of the MATLAB methodology, to investigate 
about the obtained outputs of the mobile application, three images are next shown to represent its 
performance on the most common diabetic foot ulcers types (mostly granulating, combination of 
granulating and necrotic and combination of granulating and white/yellow tissues). 
The representative image of the ulcers with combination of granulating and white/yellow tissues 
(devitalised tissue, infection or with a visible anatomic structure), is shown in Figure 4.18 a) and the 
pre-processing outcomes of the histogram equalisation and the median filtering operations are pre-
sented in the Figures 4.18 b) and c), respectively. 
Properties Ulcer with 
white/yellow tissue 
Ulcer with necrotic 
tissue 
Ulcer with granulating 
tissue   
Ulcer area (cm2)  6.10 0.57 4.80 
Ulcer area (inches2) 0.95 0.09 0.74 
Percentage of dark red tis-
sue 
67.50  81.40 33.30 
Percentage of light red tis-
sue 
0.00 0.00 54.90 
Percentage of black tissue  8.20 8.60 0.05 
Percentage of white/yellow 
tissue 
 2.00 0.00 0.51 
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Figure 4.18- Pre-processing using the Android application of the ulcer with white/yellow tissue a) Original 
image b) Histogram equalisation c) Median filtering. 
 
The original image of the ulcer with combination of granulating and necrotic tissues is shown in 
Figure 4.19 a), the result of the histogram equalisation appears on the Figure 4.19 b) and the me-
dian filter operation outcome is presented by Figure 4.19 c). 
Figure 4.19- Pre-processing using the Android application of the ulcer with necrotic tissue a) Original image b) 
Histogram equalisation c) Median filtering.  
 
Lastly, the outcomes of each phase of the image pre-processing step for the ulcer with mostly 
granulating tissue can be conferred in Figure 4.20. 
 
Figure 4.20- Pre-processing using the Android application of the ulcer with mostly granulating tissue a) Original 
image b) Histogram equalisation c) Median filtering.  
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4.4.2 - Ulcer segmentation  
 Successful cases 
In figure 4.21 a) is represented the result of the ulcer segmentation phase for the ulcer with 
white/yellow tissue using the Android application. The outcomes of the hole filling operation for the 
ulcer and the marker are presented in Figures 4.21 b) and c), respectively. The final result of the 
ulcer segmentation, given by the intersection of the hole filling operation with the original image 
can be seen in Figure 4.21 d). 
Figure 4.21- Segmentation process of the ulcer with white/yellow tissue using the Android application a) Bi-
nary ulcer image resultant of the implementation of the flood fill algorithm b) Binary image of the ulcer resul-
tant of the closing operation c) Binary image of the marker resultant of the closing operation d) Final segmen-
tation result. 
 
The segmentation methodology performed on the ulcer with combination of granulating and ne-
crotic tissues can be observed in the Figure 4.22. 
 
Figure 4.22- Segmentation process of the ulcer with necrotic tissue using the Android application a) Binary 
ulcer image resultant of the implementation of the flood fill algorithm b) Binary image of the ulcer resultant of 
the closing operation c) Binary image of the marker resultant of the closing operation d) Final segmentation 
result. 
 
The first step of the ulcer segmentation methodology for the mostly granulating ulcer can be 
consulted in Figure 4.23 a), whereas the outcomes of the hole filling operation on the ulcer image 
as well as on the marker image are displayed in Figure 4.23 b) and c), respectively. In Figure 4.23 








Figure 4.23- Segmentation process of the ulcer with mostly granulating tissue using the Android application a) 
Binary ulcer image resultant of the implementation of the flood fill algorithm b) Binary image of the ulcer 
resultant of the closing operation c) Binary image of the marker resultant of the closing operation d) Final 
segmentation result. 
 Unsuccessful cases 
During the segmentation phase was observed that the same 6 images (Figure 4.14) that were not 
segmented during the same step in the MATLAB methodology were not segmented by the Android 
application and thus, the same 3% of unsuccessful segmentation was achieved with the mobile ap-
plication. 
4.4.3 - Tissue classification 
 
The tissue classification achieved with the RGB thresholding of the tissue composition of the ul-
cer with combination of granulating and white/yellow tissues, is shown in Figure 4.24.  
 
 
Figure 4.24- Tissue classification of the ulcer with white/yellow tissue using the Android application a) Repre-
sentation of the black pixels b) Representation of the white pixels c) Representation of the light red pixels d) 
Representation of the dark red pixels. 
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The classification of the necrotic tissue of the ulcer with combination of granulating and ne-
crotic tissues can be seen in Figure 4.25 a). The classification of the white/yellow, the healthy 
granulating and the unhealthy granulating tissues area shown in Figure 4.25 b), c) and d), respec-
tively. Both Figure 4.25 b) and c) are all black due to no white/yellow and light red pixels found 
during the characterisation. 
Figure 4.25- Tissue classification of the ulcer with necrotic tissue using the Android application a) Representa-
tion of the black pixels b) Representation of the white pixels c) Representation of the light red pixels d) Repre-
sentation of the dark red pixels.  
 
For the ulcer with mostly granulating tissue, the tissue classification approach returned no black 
tissue as shown by Figure 4.26 a) and a few white/yellow tissue (Figure 4.26 b)). The outcomes of 
the classification of the healthy and unhealthy granulating tissue are shown on the Figure 4.26 c) 
and d), respectively. 
Figure 4.26- Tissue classification of the ulcer with mostly granulating tissue the Android application a) Repre-
sentation of the black pixels b) Representation of the white pixels c) Representation of the light red pixels d) 
Representation of the dark red pixels. 
 
At Table 4.2 there are reunited the outputs of the wound characterisation performed by the 
mobile application. From the area results, the ulcer with bigger squared area is the ulcer with 
granulating and white/yellow tissues with 4.51 cm2 or 0.70 inches2, followed by the ulcer with ne-
crotic tissue with 2.86 cm2 or 0.44 inches2 and the smaller ulcer, classified as having an area of 0.80 
cm2 or 0.12 inches2 was the ulcer with only granulating tissue. 
From the achieved tissue percentages, the ulcer considered as mostly granulating presents the 
higher percentage of healthy granulating tissue (31.82%) relatively to the remaining ulcers (13.96% 
and 0% for the ulcer with white/yellow tissue and for the ulcer with necrotic tissue, respectively) 
and lower percentages of black (0%) and white/yellow tissue (3.10%) as well. Moreover, the tissue 
classification of the necrotic wound returned the highest percentage of necrotic tissue (45.04%) and 
the lowest healthy and white/yellow tissues percentage (0% for both) of all the three ulcers. The 
ulcer with combination of granulating and white/yellow tissues returned the highest percentage of 
white/yellow tissue (15.63%) and unhealthy granulating tissue (35.27%). 
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Table 4.2- Results of the wound characterisation using the mobile application. 
 
4.5 - Assessment evaluation 
 
The performed clinical analysis by the 7 healthcare professionals of the Diabetic foot clinic at 
Centro Hospitalar do Porto regarding the mobile application performance returned, as shown in 
Figure 4.27, a median score of 4.30 relatively to the evaluation of the ulcer area measurements 
obtained. The performed ulcer tissue characterisation was evaluated with a mean score of 4. Higher 
scores were given by the healthcare professionals to the applicability of the application in clinical 
environment (4.71) as well as to its simplicity, ease and clarity during its usage (5).  
Globally, an overall score of 4 out of 5 was given to the mobile application by the health profes-
sionals.  
 
Figure 4.27- Healthcare professionals’ evaluation of the mobile application (n=7). 
 
Properties Ulcer with 
white/yellow tissue 
Ulcer with necrotic 
tissue 
Ulcer with granulating 
tissue   
Ulcer area (cm2)  4.51 2.86 0.80   
Ulcer area (inches2) 0.70 0.44 0.12 
Percentage of dark red 
tissue 
35.27 35.04 16.50 
Percentage of light red 
tissue 
13.96 0.00 31.82 
Percentage of black 
tissue 
 0.00 45.04 0.00 
Percentage of 
white/yellow tissue 







Ulcer area evaluation Ulcer tissue 
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environment 
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When asked to compare their evaluation of the ulcers with the assessment performed by the 
MATLAB methodology and the mobile application, all of the results were classified as clinically ac-
ceptable and, as according to Figure 4.28, 71.43% of the healthcare professionals (i.e. 5) have cho-
sen the Android application’s results over the MATLAB methodology’s. 
Figure 4.28- Healthcare professionals’ opinion on the two methodologies (n=7). 
 
The resemblance of the obtained results with both methodologies was evaluated and correla-
tions higher than 0.95 were achieved:  
Correlating the areas provided by both the MATLAB’s methodology and the Android mobile ap-
plication in cm2 was obtained a 0.998 correlation between the results, as shown by Figure 4.29.  
 
 
Figure 4.29- Correlation of the areas obtained with both methodologies. 
 
Further, the correlation of the areas provided by the MATLAB methodology, the Android applica-
tion and the healthcare professional’s assessment gave a R2 value of 0.999 for the Android applica-
tion and 0.998 for the image processing methodology with MATLAB as it can be seen in Figure 4.30. 
 
















Android application  
Correlation of the calculated areas 
28,57 
71,43 
MATLAB methodology Mobile application 




Figure 4.30- Correlation of the real area of the lesions provided by healthcare professionals and the areas 
obtained with both methodologies. 
 
The correlation of the percentages of dark red tissue, i.e., unhealthy granulating tissue, of both 
methodologies revealed a 0.998 probability of relationship between the measurements as shown by 
Figure 4.31. 
 
Figure 4.31- Correlation of the dark red tissue’s percentages obtained with both methodologies. 
 
The comparison of the percentages of light red tissue, i.e., healthy granulating tissue, of both 
methodologies (Figure 4.32) revealed a 0.961 probability of correlation between the measurements. 
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Figure 4.32- Correlation of the light red tissue’s percentages obtained with both methodologies. 
 
The statistical analysis performed between the percentages of necrotic tissue provided by both 
methodologies revealed a 0.995 probability of correlation between the measurements as it can be 
seen by Figure 4.33. 
 
 
Figure 4.33- Correlation of the necrotic tissue’s percentages obtained with both methodologies. 
 
The last correlation calculated was performed by comparing the percentages of white tissue 
given by both the methodologies. A value of 0.998 of probability of correspondence between these 
measurements was found as shown in Figure 4.34.  
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Figure 4.34- Correlation of the white tissue’s percentages obtained with both methodologies. 
 
4.6 - Summary  
The results of the MATLAB and the Android mobile application methodologies were presented 
relatively to the performance of marker segmentation, pre-processing, ulcer segmentation and area 
calculation and tissue characterisation as well as the outcomes of the previously documented image 
processing techniques whose results were unsatisfactory. 
The results reported the same percentage and cases of ulcer and marker segmentation failure 
for both methodologies. 
The statistical analysis performed on the results obtained with both methodologies returned 
high probability of correlation between both methodologies, however, when the obtained area 
measurements were compared to the ones resultant from the clinical assessment, the mobile appli-
cation achieved a slightly higher correlation than the MATLAB approach.   
The image collection protocol, the addiction of a calibration marker during the image collection 
and the image processing approach designed and incorporated in both the MATLAB methodology and 
the Android mobile application resulted in a fully segmentation of 97% of the ulcers and 97.5% of 
the markers present in the 200 collected images. 
According to the judgement of 7 healthcare professionals, the results were classified as clini-
cally adequate and acceptable.  
Moreover, the healthcare professionals’ evaluation resulted in a preference of the results ob-
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1.   
5.    
In this section, the performance of the methodologies created during this project relatively to 
the initial objectives is discussed. First, some considerations are performed relatively to the fea-
tures that affected the marker segmentation process and some improvements are recommended. 
Then, the ulcer segmentation performed by both methodologies is examined and considerations 
about its accuracy are presented. Further, conclusions about the implementation of the image 
processing techniques defined in subchapter “3.4- Unsuccessful image processing techniques” and 
why their employment did not achieve the most acceptable results can be consulted.  
The ulcer area calculation and tissue characterisation is further evaluated during the section 
“5.4 - Assessment evaluation” where the results of these steps and their comparison with the 
healthcare professionals’ assessment are performed. This chapter ends with a summary of the main 
conclusions of the discussion. 
5.1 - Marker segmentation 
 
For wound area calculation purposes, two experimental types of calibration markers were de-
signed and implemented throughout image collection. During the image collection and processing, it 
was noticed that the choice of a disposable adhesive marker was a positive aspect since it allowed a 
fast image collection without disturbing the normal functioning of the clinic nor promoting wound 
contamination or discomfort to the patient. However, a few negative aspects regarding the mark-
ers’ features were noticed: 
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- Colour
One of the many complications of Diabetes is vascular disease which, in some cases, can lead to 
a poorer irrigation of the lower extremities due to the absence of palpable arterial pulses causing 
an ischemic foot. Visually, poorer irrigation in the lower extremity results in whiter skin when the 
foot is elevated. During the image processing, it was verified that the choice of white markers 
caused that, in some cases where the patient had an aggravated ischemic foot, the segmentation of 
the marker represented a difficult task (Figure 4.1), being hard to distinguish which were the 
marker’s pixels and the foot skin’s pixels. This drawback could be attenuated by using another col-
our for the marker.  
 
- Dimensionality  
Comparing the 2-D 2.5 x 2.5 cm2 marker with the 3-D 1.0 x 1.0 x 0.5 cm2 marker was also no-
ticed that the second one was more challenging to recognise in images. This can be explained by 
the fact that sometimes the surface of the 3D marker was omitted and/or appeared different in the 
collected images due to the angle of the image collection (Figure 4.2).  
An erroneous segmentation of the marker leads, in this project, to a wrong ulcer area calcula-
tion and characterisation, therefore, 2D makers are more recommended for this task. 
 
- Size  
Globally, from the 200 collected images it can be concluded that the 2.5 x 2.5 cm2 marker was 
sometimes too big to implement is certain sites once, besides all the efforts during the image cap-
ture, due to the intrinsic irregularities of a diabetic foot, were verified situations where the marker 
was not captured totally or its shape was changed in the image considering the best angle to cap-
ture the wound (Figure 4.3 a) b)).  
Thus, for future reference, a smaller 2D square adhesive with maximum length and width of 2 
cm would be a wiser solution. 
5.2 - Unsuccessful image processing techniques  
In the Methodology chapter image processing techniques were defined that due to the intrinsic 
complexity of the diabetic foot ulcers, did not succeed.  
The application of the low pass Gaussian filter, besides reducing notoriously image noise, it also 
led to loss of edge information which is essential to obtain a good ulcer and maker segmentation.  
Further processing after the Bottom hat and Top hat filtering shown that its contribution was 
not as notorious as expected in the segmentation step and “Shadowing” effects (Figure 4.4 c) right) 
were noticed namely in the marker possibly due to the size and type of structuring element used. 
According to the formulae of SNR, images with low noise will have a higher SNR and, equally, 
the images with a higher level of noise will present a lower SNR. Therefore, the designed pre-
processing methodology led to a reduction of noise and an enhancement of the image contrast, 
which resulted in the achievement of most satisfactory segmentation outcomes than the remaining 
techniques. This is supported by the results of SNR calculations, where the designed pre-processing 
methodology achieved a higher SNR ratio than the other techniques tested for the same purpose. 
The results of the application of the Canny edge detector to segment the ulcers and the marker, 
due to the tissue and shape complexity of the lesions, made obvious that this method did not identi-
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fied all of the wound’s edges so, to successfully segment the lesion, a more tangled method had to 
be designed.  
The CHT did not succeed returning substantial false positive cases of ulcer segmentation. This 
erroneous segmentation can be explained by analysing the output of the canny edge detector, used 
to create the binary input of the transform, where the ulcer edges information is not well defined, 
especially when the ulcer is located in the outlines of the foot. Moreover, the most returned result 
was the identification of the heel (when intact) of the patients’ foot due to its intrinsic circularity. 
This method was very time consuming specially for extensive ulcers.  
One of the attempts to automatically perform wound segmentation was made based on texture 
using Gabor filters. Despite of the first results being promising as shown in Figure 4.5 c), further 
processing and classification of the information did not lead to successful ulcer or maker segmenta-
tion, especially for bigger and more complex ulcers. Furthermore, during the testing of this ap-
proach, it was observed that it was very time consuming. 
Although the Watershed method, for most of the cases, achieved good segmentation of the 
maker, it revealed poor capacity in segmenting the ulcer in the foot classifying it as being part of 
the same label as some of the healthy skin in the foot. Furthermore, tissue classification with this 
technique did not provide successful results relatively to the distinction of the two different granu-
lating tissues. 
With the Region growing approach, the majority of the tissue of the wound was segmented how-
ever, different tissues with different properties within the ulcer were not fully considered. Further, 
from the consecutive tests performed, it was observed that the results remained too dependent of 
the initial seed points and less than 6 starting pixels did not provide good results. 
Active contour (Snakes) did not achieve great results since, for more irregular ulcers, the 200 it-
erations were not sufficient to segment the whole lesion (Figure 4.6 c) centre) and with the increas-
ing of the number of iterations and the alpha and beta values adjustment to obtain more satisfac-
tory results, the method became computationally very demanding and time consuming which is not 
desirable to incorporate in a mobile application. Was also observed that the results were too de-
pendent on the inputs. 
The segmentation achieved with the Active contour ('Chan-Vese' method) methodology was not 
perfect even for “simple” ulcers, providing irregular contours and for the “more complex” lesions, 
the algorithm revealed over segmentation returning more than one object for the ulcer segmenta-
tion (Figure 4.6 d) centre). 
The use of the Fuzzy-c-means clustering technique did not provide a good segmentation of the 
ulcer since pixels within the ulcer were categorised as being in the same cluster as pixels of the 
image’s background or as being in the same cluster as pixels belonging to healthy skin in the foot. 
Furthermore, this technique when applied to characterise the tissues within the ulcer bed, returned 
unsatisfactory results relatively to the differentiation between healthy and non-healthy granulating 
tissues.  
5.3 - Ulcer segmentation  
The implemented flood fill methodology showed better results than most of the other tech-
niques tried as presented in the previous point, however, since it performs a search based on pixel 
“colour”, due to the heterogeneity of tissue types and colours present in some ulcers, occasionally 
the first result of the segmentation phase was not ideal, especially when white (devitalised tissue or 
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visible anatomic structure) and yellow (pus) tissues are present within the ulcer bed. This weakness 
of the methodology, was overcome by means of a hole filling (methodology in MATLAB) or a morpho-
logical closing (methodology incorporated in the mobile application) operations which led to the 
fully segmentation of 97% of the 200 ulcers. The empirical selection of the 35 and 40 tolerances for 
the flood fill in the MATLAB methodology and the Android mobile application, respectively, provided 
the most successful ulcer and marker segmentation when compared to other tolerances tested for 
both the methodologies and to the clinical assessment (see Figure 4.10).  
Cases where the ulcers where not successfully segmented by the flood fill algorithm were also 
found, which can be justified by the lack of colour difference between the tissues within the ulcer’s 
bed and its boundaries/surrounding tissue or the lack of well-defined edges thus hindering the stop-
ping condition of the flood fill algorithm. 
5.4 - Assessment evaluation 
 
The first evaluation of the methodologies created was performed by healthcare professionals. 
The results of both methodologies, ulcer area and tissue characterisation were classified as clini-
cally acceptable however, and as expectable, the outcomes of the Android application were pre-
ferred over the MATLAB methodology ones by the majority of the professionals’ due to some sub 
segmentation and sub tissue classification observed in the MATLAB methodology.  
During the design and creation of the Android application an attempt of keeping it easy, simple, 
unequivocal to use and applicable in clinical environment was made. This was reinforced by the 
maximum classifications given by the health professionals to its simplicity and to its applicability in 
healthcare centres. Although globally, the Android application was classified as a “4” and comple-
mented relatively to its helpful input in the health professionals assessment, the tissue characteri-
sation performed achieved the lowest classification relatively to the other parameters evaluated, 
greatly because of the subjectivity associated to the clinical assessment, where was observed that 
some identified higher presence of unhealthy granulating tissue and white tissue when compared to 
other professionals and to what the mobile application returned.  
The second evaluation of the achieved results was accomplished by performing a Pearson corre-
lation analysis. Good correlation (higher than 0.95) was achieved by comparing the results of both 
methodologies as well as comparing them with the results provided by the healthcare professionals. 
However, the correlation between the ulcer areas acquired with the Android application and the 
areas provided by the health professionals achieved a higher correlation than with the areas ob-
tained with the MATLAB methodology, which indicates a higher probability of relation between the 
real measurements and the outcomes of the mobile application.   
5.5 - Summary  
 
Wound assessment is a complex task that is predominantly performed by clinical observation 
and invasive assessment, being subjective and possibly leading to wound contamination and discom-
fort to the patient. 
Wound characterisation was achieved in this project, by first developing a methodology in MAT-
LAB divided in image acquisition, image pre-processing, ulcer segmentation, shape recognition, area 
calculation and tissue classification. This methodology served as a foundation for the creation of an 
image processing algorithm that was then incorporated in an Android application. 





The two methodologies shown good correlation and although some unsuccessful cases of chronic 
wounds’ segmentation were detected (3%), 7 healthcare professionals considered the outcomes of 
both of the methodologies clinically acceptable and the features provided, pertinent and helpful, 
being preferred the results obtained with the Android application over the ones provided by the 
MATLAB methodology. The handling of the mobile application demonstrated its simplicity and ease 

































































6.   
Chronic wounds are a debilitating disease that directly affects patients and global economy. Im-
age processing, in particular associated with mobile applications have been used as an alternative 
to accurately characterise ulcers easily, being non-invasive and observer independent, thus produc-
ing better diagnosis and follow up of the healing process of the ulcers.  
During this project, an Android application incorporating a methodology that was able to char-
acterise chronic ulcers relatively to its area and tissue colour was developed and assessed. This was 
a very complex task due to the impossibility of controlling some environmental variables (such as 
illumination, noise, patient movement, etc.). 
The mobile application created allowed fully segmentation of 97% of the 200 ulcers analysed 
and presented good correlation when compared with the healthcare professionals’ assessment, be-
ing fast (analysis process takes less than 2 minutes), easy and unequivocal to use, improving the 
quality of assistance, helping to identify and measure ulcer tissues, improving the follow up of the 
therapies, automating the clinical documentation, improving the communication and collaboration, 
easing the monitoring of new products, reducing the use of ineffective products and supports home 
care assistance and telemedicine, and thus leading to a considerable reduction of the associated 
costs with this health condition.  
 




6.1 - Future work 
 
For further work, the following suggestions would contribute to the enhancement of the current 
results: 
 Test the mobile application in other chronic wounds. 
 Incorporate more facilities to the mobile application as control of the glycaemic values, reg-
istration of medication and patients’ personal data in order to follow up the healing proc-
ess. 
 Send the final characterisation report to the personal historic of the patient via email or to 
the healthcare software. 
 Use a local and/or remote database to store all examinations and be able to evaluate 
treatments monitoring. 
 Adopt a system of two simultaneous cameras, attached infrared camera, capturing an image 
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TERMO DE CONSENTIMENTO INFORMADO 
 
Título do estudo de investigação: Classificação automática de úlceras por imagem visual 
Eu, abaixo-assinado ____________________________________________________, fui 
informado de que o Estudo de Investigação acima mencionado se destina a caracterizar 
automaticamente a úlcera. 
Sei que neste estudo está prevista a realização de recolha de imagem visual e dados demo-
gráficos tendo-me sido explicado em que consistem.  
Foi-me garantido que todos os dados relativos à identificação dos Participantes neste estu-
do são confidenciais e que será mantido o anonimato.  
Sei que posso recusar-me a autorizar a participação ou interromper a qualquer momento a 
participação no estudo, sem nenhum tipo de penalização por este facto. 
Compreendi a informação que me foi dada, tive oportunidade de fazer perguntas e as 
minhas dúvidas foram esclarecidas. 
Aceito participar de livre vontade no estudo acima mencionado ou Autorizo de livre vonta-
de a participação daquele que legalmente represento no estudo acima mencionado.  




 Nome do Participante no estudo      Data 
_________________________________________     ____/____/______ 
 
 Nome do Investigador Responsável      Data 















Classificação automática de úlceras por imagem visual 
  
Data de realização do inquérito: ____/____/____   
Género: ☐ Masculino  ☐  Feminino   
Idade: ___ (anos) 
 
1. Tipo de diabetes: 
☐  Diabetes tipo I   ☐  Diabetes tipo 2  (☐  Insulino-tratado ☐ Não Insulino-tratado)  
 
 
2. Tipo de pé diabético: 
☐  Pé neuropático ☐  Pé neuroisquémico  ☐  Pé isquémico 
 
 
3. Realiza hemodiálise: 
☐ Sim  ☐  Não  
 
 













CLASSIFICAÇÃO AUTOMÁTICA DE ÚLCERAS POR IMAGEM VISUAL 
 
PROTOCOLO DE CAPTURA 
 
1. Equipamento necessário 
 
 O equipamento necessário para a recolha de dados será: 
 Camara digital standard; 
 Objeto padronizado (com a função de escala visual); 
 
2. Captura de imagens  
Aquando da captura das imagens visuais o investigador principal manter-se-á com a camara a uma 
distância de 0,7 metros (mínima) a 1 metro (máxima) encontrando-se esta paralela à localização da 
úlcera. 
 
Figure 1 - Esquema do Sistema de captura das imagens das ulceras no ambiente controlado. B é a 






















CLASSIFICAÇÃO AUTOMÁTICA DE ÚLCERAS POR IMAGEM VISUAL 
 
PROTOCOLO DE CARACTERIZAÇÃO 
 
 
A classificação das úlceras é feita com base na conjugação dos seguintes parâmetros: 
 Tamanho da úlcera 
 Profundidade da úlcera 
 Contornos 
 Loca 
 Tipo de tecido necrosado 
 Quantidade de tecido necrosado 
 Tipo de exsudado 
 Quantidade de exsudado 
 Cor da pele circundante da ferida 
 Edema de tecido periférico 
 Induração tecidular periférica 























Após ter manuseado a aplicação criada no âmbito da dissertação “Caracterização automática de 
úlceras por imagem visual” para obtenção do grau Mestre em Engenharia Biomédica pela Faculdade 
de Engenharia, Universidade do Porto, que visa fornecer um método prático e fidedigno para carac-
terizar úlceras crónicas, pede-se que preencha o seguinte questionário anónimo colocando um x na 
coluna da tabela correspondente à pontuação que considera mais correta para cada uma das afir-
mações apresentadas. (1 representa “Muito mau” e 5 representa “Muito Bom”). 














Data de preenchimento:       /     /     .  
 
 1 2 3 4 5 
Relativamente aos resultados obtidos durante a utilização da aplicação: 
Como avalia a área da lesão mostrada.      
Como avalia a caracterização tecidular obtida.      
Relativamente ao uso desta aplicação: 
A aplicação é aplicável em meio clinico.      
O seu uso é simples, fácil e inequívoco.      
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